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ABSTRACT
Nanopattern generation is required for building various structural entities in every
production process that involves nanostructures. Advancing nanopatterning technologies play an
important role in developing and broadening the current nanopatterning technologies to meet up
with the ever-demanding requirements in the realm of smaller feature sizes, smoother line-edge
roughness (LER) and facile pattern transfer, and in pursuit of faster computer processors, better
electrocatalysts and more compact and intelligent sensors, etc. Conventionally, patterning needs
are heavily relied on photolithography, a technique that dominate chip-making industry for more
than 50 years. However conventional photolithography is bounded by inherent resolution limits
and difficult to be applied on non-flat, flexible, or stretchable substrates. Advancement in
patterning techniques are urgently needed to enhance the capability for sub-10 nm patterning
onto versatile substrates. The patterning techniques adopted in this work is a bottom-up selfassembly driven scheme based on the phase segregation of block copolymers (BCPs). Cleverly
designed BCPs system can generate self-assembled pattern to give a sub-10 nm pitch,
demonstrating the tremendous potential of novel BCP chemistries in generating sub-10 nm
features. Recent excellent works on BCPs with sub-10 nm natural periods are timely reviewed,
and key principles in designing next generation BCP candidates for extreme scale lithography
are proposed in the outlook.
Thin film BCPs templates were leveraged to generate patterns on various substrates
including silicon, gold, glassy carbon, reduced graphene oxide, Nafion ® membrane, and
perfluorinated anion exchange membrane. The profound meaning of these demonstration is
twofold, firstly showcased the robustness and wide portability of the tested BCP patterning
scheme, secondly demonstration of introducing the BCP templates onto smart substrates that
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have special functionality and wide implications. Further ionization and metallization of BCPs
templates exemplify the feasibility of fabricating nanostructured electrolytes and metal
nanowires with controlled periodic features sizes. Ordered nanostructures with designed ionic
loadings, metal densities on functional substrates open up tremendous possibilities to be
incorporated into sensor, nanoseparators and nanoreactors with novel properties that yet to be
uncovered.
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CHAPTER 1. INTRODUCTION AND REVIEW OF LITERATURE
1.1 Introduction
The main goal of this chapter is to introduce the concepts of self-assembly and direct
self-assembly of block copolymers and to highlight its potentials and limits for pattern
generation and transfer. Additionally, this chapter will review the recent progress made in
creating periodic, sub-10 nm patterns from self-assembled block copolymers. Finally, the
introduction will set the stage for further chapters that demonstrate the transformation of selfassembled block copolymers into ion-conducting electrolytes and nanostructures.
The chapter starts with theoretical concepts and information that succinctly elucidate
pertinent terminologies and their intrinsic correlations. The topics of BCPs phase diagram and
segregation strength are treated first, because of their importance to understand the challenge of
nano-phase separation and untangle the ambiguity of some counter-intuitive notions. The chapter
will showcase how self-assembled BCPs can serve as pattern templates for nanolithography.
Particular attention was given to the block copolymer chemistries and self-assembly strategies to
access sub-10 nm full pitch features, as patterning at such scale is the most difficult and usually
prohibitive for available patterning techniques.
1.2 Dilemma in lithography advancement at sub-10 nm scale
Photolithography had been the dominant lithography technique for the semiconductor
chipmaking industry over 50 years. Device feature miniaturization for integrated circuits has
been persistently driven by boosting processing speeds, enhancing storage capacity, reducing
energy consumption and meeting up with the pace promoted by “Moore's law” – while also
being constrained to manufacturing processes that are scalable and economical. Unlocking the
lower patterning range of sub-20 nm or even sub-10 nm has long been a challenge in the
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semiconductor industry because of the continuous need for miniaturization of functional devices.
Photolithographic methods all share similar operational principles. In brief, utilizing light as the
transcribe media to replicate pattern from photomask to selectively expose photoresist that
covered the intended substrate. As a result, photolithography is fundamentally limited by the
wavelength of the light source and any features that is smaller than half the wavelength of the
light will be permanently lost during the process, also known as diffraction limit. This diffraction
limit practically prohibits all photolithography process to generate structures with a feature size
smaller than half of the wavelength of the employed light. Fabrication of smaller and periodic
structures necessitates resolution improvement over conventional optical lithography.
Remediation in photolithography to achieve smaller feature size include ArF wafer immersion
(ArF/I), design for manufacturability (DFM), source mask optimization (SMO), multiple
patterning technology (MPT), numerical aperture (NA) improvements, exposure wavelength
reduction, etc. 1 Straightforwardly, the relation between resolution R, NA and exposure
wavelength λ in a projection exposure system are given by Rayleigh’s equation. According to
Rayleigh’s equation, a shorter wavelength or a larger NA will improve the resolution.
R = k1 ∗ λ/NA

(1.1)

In pursue of shorter wavelength of source light, deep ultra-violet (DUV) employed 193
nm KrF and 248 nm ArF excimer laser lights as light source with most advanced lithography
system can deliver the best resolution of 38 nm by a single exposure. 2 Overtly, DUV is not
capable of sub-10 nm patterning.
Extreme ultra-violet (EUV) lithography is currently being evaluated for the nextgeneration lithography (NGL) that can oﬀer significant potential to extend the resolution below
10 nm, given the radiation of wavelength 13.5 nm being used. However, EUV wavelength at
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13.5 nm is vulnerable to absorption from all matters, its technology development requires a
complete departure from conventional photolithography, extremely stringent specifications need
to be adopted for reflective mirrors, lithography machine, and the whole assembly line. As a
result, the development of EUV lithography is plagued by huge capital investment, source power
limitations, and a short of supporting material.2
The advancement of lowering the accessible patterning scale have proved to be highly
challenging and costly including solutions that utilize extreme ultraviolet (EUV) 3, excimer
lasers 4, and synchrotron sources 5 as light source or multiple times patterning techniques such as
litho-etch-litho-etch (LELE), that multiply the process complexity, time cost and possibly defect
rates. Although current NAND flash memory industry utilized double patterning technology to
achieve 19 nm minimum half pitch of the gate patterns, and even establishing quadruple
patterning technology for further shrinking the half pitch to around 15 nm 1, more cost-effective
and high-throughput technology is urgently desired. Alternative direct write methods are not
diffraction limited and are known to be capable of generating sub-20 nm patterns, examples are
electron beam lithography 6 7, focused ion beam lithography 8, and scanning probe tip-mediated
lithography such as dip-pen nanolithography (DPN) 9. One distinct advantage of direct write
methods is their capability of maskless lithography, as in the most advanced optical lithography
very complicated mask with OPC (Optical Proximity effect Correction) need to be used, and
mask fabrication can be cost prohibitive. However, these direct-write-based techniques cannot be
employed for high-volume manufacture as limited by their serial nature. Nanoimprint
lithography is parallel patterning process capable for high-throughput manufacture but requires a
perfect master to perform compression molding for pattern transfer, the initial pattern generation
on master templates need to be resolved in the first place. Admittedly, no single patterning

3

techniques can be the most suitable and economical for all patterning requirements, and in reality
several patterning techniques need to work in coordination for optimal resource allocation. 10
With dilemma in sub-10 nm pattern generation, solution besides photolithography need to be
conceived.
1.3 Block copolymer self-assembly for sub-10 nm patterning
Limitations of physics, optics, and supporting material stagnate further downscaling to
sub-10 nm patterning with existing top-down lithography techniques. Bottom-up pattern
generation via natural self-assembly, on the other hand, offers a new way out. “Bottom-up”
strategy is based on self-assembly behavior of the materials at the molecular scale. Based on the
molecules’ design, the assembled pattern dimensions are designable and controllable through
material and self-assembly process manipulations.
Among several self-assemble materials such as lipids or surfactants, BCPs offer versatile
chemical and physical properties and excellent tunability of composite domains by polymer
design, and most importantly BCPs self-assembled pattern can exhibit precisely controlled sub10 nm ordered lithographic patterns to augment photolithography at ultra-fine feature size range.
The nature of patterning is the generation of contrast between areas that need to be
preserved and areas that need to be removed. Contrast formed from top-down photolithography
rely on the chemical difference of a same photoresist material before and post light exposure, and
resolution is limited by the maximum chemical heterogeneity of photoresist and the diffraction
limit of the source light, both factors are difficult to overcome for further resolution
enhancement. In comparison, self-assembly of block copolymers offer chemical contrast by the
distinct nature of two chemically different blocks, providing a versatile patterning scheme to
control feature sizes down to sub-10 nm in a low-cost and time-efficient fashion. By taking
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advantage of the chemical nature difference of constituent blocks in BCPs, a processing contrast
is present in the material either for etching or infiltration. This naturally occurring contrast inside
BCPs film could reduce interfacial strain caused by placing two materials of heterogeneity and
avoid delamination, also could be potentially used for line-edge-roughness (LER) reduction,
etching contrast enhancement and selective infiltration of particles 11, ions 12 or ligands 13. All
these advantages of BCP self-assembly are important attributes for serving as a versatile periodic
patterning scheme at sub-10 nm pitch scale to augment current high-resolution lithographic
technologies. They also exemplify their attractiveness in the field of nano-lithography and
because block copolymers are composed of cheap organic materials, they represent the lowest
cost pathway to making periodic sub-10 nm features with long-range order.
BCPs are two or more chemically distinct polymeric materials covalently joined together.
When chemically incompatible constituent blocks mixed together, they will phase separate if
they can diffuse to reach the lowest energy state. The energetics for making ordered, microphase
separated structures and non-ordered structures are balanced by the enthalpic interaction that
describes the energy difference between the two blocks balanced against the entropic penalty for
chain stretching and organization. Phase separation of the BCP chains are usually regarded as the
equilibrium state with the minimized internal energy – however, kinetically trapped defects can
exist.14 Morphology progression in phase diagram is driven by the asymmetry in the lengths of
the blocks (or volumetric ratio, fA), that induces imbalance in the elasticity of respective domains
and foster spontaneous curvatures in the interface. In a typical BCPs phase diagram, as shown in
Figure 1.1. Phase separation induced morphologies are mapped with regards to χN and fA.
Annealing is the typical method to inject sufficient mobility into the polymer chains for
them to rearrange and reach a more energetically preferred orientation than the kinetically
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trapped mixed state. Two classical annealing methods were utilized for BCP self-assembly,
namely thermal annealing (TA) and solvent vapor annealing (SVA), with the former using
elevated temperature above glass transition temperature (Tg) to increase chain mobility and the
latter using solvent vapor to plasticize the polymer and reduce effective glass transition
temperature (Tg)eff below room temperature. Thermal annealing is more readily available for
manufacture with minimum infrastructure requirement. Solvent annealing is more demanding on
equipment side, but it has benefits in its ability to control the morphology, orientation, and
processing of a greater variety of block copolymer chemistries. For instance, when a neutral
solvent is used in SVA similar mobility improvement will be added for both domain whereas a
preference solvent selectively endows higher mobility and volumetric expansion to one block
compared to the other. After an equilibrium state is reached in SVA, rapid solvent removal
kinetically traps domain spacing and size of the microphase-separated structure. This is similar to
a vitrification process. SVA is a technique commonly used to anneal BCP that requires too high
a temperature or too long a time via thermal annealing, and to control the orientation of block
copolymer domains in thin films, especially the ones that have a high χ value. SVA could
influence the orientation of BCP self-assembly in mainly two ways. On one side, a solvent vapor
environment during annealing can work as a preferential or neutral boundary condition for BCP
self-assembly at free surface. On the other side, through-thickness solvent concentration gradient
can kinetically favor a perpendicular orientation. To induce BCPs nanophase separate into sub10 nm features, besides ensuring mobility during annealing, more considerations need to be
taken into account. This is due to these systems reside near the order-disorder transition (ODT)
and fit between the weak and strong segregation limits where the behavior of BCP systems is not
as thoroughly understood. 15 Detailed reasoning will be elaborate later.
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Figure 1.1 Block copolymer phase diagram and morphologies. a.) Schematic phase diagram of
block copolymer self-assembly described by self-consistent field theory (SCFT) (the simplest
case of non-crystalline linear coil-coil A-B di-block copolymer) with regards of the volume
fraction f and the combined product χN, adapted from ref 16, with Dis: disordered; fA: Volume
fraction of block A; χ: Flory-Huggins interaction parameter; N: degree of polymerization. b.)
Some classical morphologies of linear di-block copolymers self-assembly with regards to
different volume ratios caused by varied compositional asymmetries (from left to right with
increasing fA: body-centered cubic spheres (BCC), hexagonally packed cylinders (Hex), bicontinuous double gyroid (DG), lamellae (Lam).
BCPs self-assembly is a platform that generates a wide spectrum of ordered
nanostructures besides the above-mentioned classical morphologies by varying combination of
block sequence, volume ratio and degree of polymerization, etc. BCPs also can self-assemble in
mixed solvents or with the presence of added particles, ionic liquids or surfactants, etc. In this
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work we limit the discussion to linear coil-coil BCPs in pure polymer form free of solvent or
additives. For A-B di-block and A-B-A triblock linear BCPs, several commonly seen
morphologies are sphere, lamellae, cylinder and gyroid, as shown in the schematic phase
diagram Figure 1.1. To achieve a selected morphology, a fA within the right range need to be
maintained, this can be done either by BCPs compositional design or blending homopolymers
with BCPs to achieve the correct overall fA.17 Pattern generation and transfer from a 2D
morphology adopted from BCP thin film have been extensively investigated both in academia
and in industry, and strikingly prove itself to be the sole feasible technology for fabricating
nanoimprint masters for bit patterned media fabrication with high storage densities 18 19 20.
Pattern transfer from 3D morphology is more challenging, as some isotropic mechanism need to
be leveraged besides directional top-down process, ALD 21 22 23, CVD 24, electroformation 25, wet
chemistry bath 26, sol-gel polymerization and pyrolysis 27, etc. have been utilized in 3D
morphologies pattern transfer. The advantage of unprecedented feature size patterning capability
of BCP templates is even more prominent for 3D patterning compared with 2D, as 3D
nanostructure facing harder struggle both in patterning and deposition, therefore BCP patterning
is expected to play a more crucial or indispensable role for patterning sub-20 nm periodic
complex 3D nanostructures with excellent reproducibility and low cost. Thanks to the versatility
and reliability of morphology formation, block polymer based nanopatterning techniques have
been highlighted as key future technologies on the International Technology Roadmap for
Semiconductors (ITRS).28
Flory-Huggins parameter (χ), also called segment-segment interaction parameter is a
temperature-dependent function, and in general follows an inversely proportional relationship
with temperature.
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χ = α/T + β

(1.2)

where α and β are empirically determined parameters for the enthalpic and entropic
contributes to χ, respectively. The product Flory-Huggins interaction parameter and degree of
polymerization, χN values, corresponds to the segregation strength of domains constituting
BCPs. Three regimes, namely the weak segregation regimes (WSR, χN ≈10 near ODT, Lo ~
N1/2), where the interface between blocks is fuzzy (interface width (wM) to BCP pitch (Lo) ratio
(wM /Lo) is large) and close to disordered states, intermediate segregation regime (ISR, χN> 1250, Lo ~N4/5), where interface between blocks is narrow but not sharp (wM /Lo is medium), and
strong segregation regimes (SSR, χN>50, Lo ~χ1/6 N2/3), where ordered domains are occupied
almost exclusively by only one species and interface between blocks is sharp (wM /Lo is small),
are defined to describe segregation strength in BCPs system. Ideally, BCPs in strong segregation
regimes are more suitable for lithographic purposes since achieving a high χN value is essential
for generating well-defined ordered morphologies.
1.3.1 Implications of low N
To shrink the period (Lo) of BCPs template, limiting molecular weight and chain length
would be the intuitive recommendation as a smaller N (degree of polymerization) gives a smaller
Lo. However, the selection of N is bounded by other factors and cannot be diminished arbitrarily
to give the desired results. The phase transition of BCPs from a homogeneous state to a
nanophase separated ordered state is called an “order-disorder transition (ODT)”. The
corresponding temperature during ODT is called order-disorder transition temperature (TODT). χN
value at ODT can be predicted by mean-field theory for infinitely long chains and need to be
corrected for BCPs with finite length. For symmetric (fA=1/2) lamellae-forming diblock
copolymer with infinite chain length the mean field theory predicts the following (χN)ODT value,
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(χN)𝑂𝐷𝑇 = 10.495

(1.3)

This ODT limit means that reducing N in a phase separated BCP system, drives the (χN)
value towards (χN)ODT, and once below the critical point the system will result in a homogeneous
state devoid of phase separation. The smallest domain dimension that can be achieved for a given
BCP chemistry with fixed χ, would be bounded by the lowest required N set by the ODT critical
value. Therefore, only with enlarged χ can the lower limit on N be reduced in order to shrink the
achievable domain dimensions. However, this limit might be stricter for BCP materials with
large χ and low N, as the Gaussian chain behavior inherent in the mean field treatment will be
deviated and degree of composition fluctuations will be significantly increased with lower N.
Low N and high χ impose thermodynamic consequences for microphase separation.28 Although
there is no strictly valid way to treat the effects of composition fluctuations analytically outside
the limit of very high molecular weights (N > 109) 29 , Frederickson and Helfand proposed a
theory to account for the effect of fluctuation at finite N, where the disordered state in the
vicinity of the ODT is occupied by local composition fluctuation in the form of disordered
microphase segregation. 30 31 Due to the presence of fluctuations, the disordered phase is
stabilized and the value of (χN)ODT is shifted higher, corresponding to a larger required N for
phase separation at given χ. Therefor the selection of N is limited by the mean field theory
predicted (χN)ODT critical point and elevation of the (χN)ODT by the higher degree of composition
fluctuations at low N. Phase separations in thin film are also subjected to the effects of spatial
confinement besides general knowledge gained from phase behavior of bulk materials. 32 33 34
The interplay among thermodynamics, kinetics, and boundary conditions determine the fate of
phase separation and registry.
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As (χN) value is desirable to be kept in the SSR, and a low N is a requirement for
reducing BCP pitch, the importance of achieving a large effective χ becomes paramount. Besides
promoting segregation strength, the interface width is inversely proportional to χ1/2 (wM ~χ-1/2), a
higher χ also serves to reduce the line edge roughness (LER), which is a threshold that need to be
maintained to avoid electrical deterioration in an integrated circuit. There is no exaggeration to
say high χ value is the major touchstone for pitch reduction in BCP systems. Compared with the
conventional poly(styrene-block-methyl methacrylate) (PS-PMMA) with a χ=0.039, recent
examples of “high- χ” BCP process a χ in the range of 0.1~ 1.1, which is remarkable and crucial
for realizing sub-10 nm pattern generation.
Although leveraging BCPs self-assembly to achieve ordered nanostructures are quite
routinely performed both in research and manufacture, attaining phase separation and control of
the microstructure of BCPs at ultra-small feature scale is truly a challenge. Achieving sub-10 nm
natural period (sub-5 nm half pitch) is only achievable quite recently, examples are summarized
in Table 1.2. Further shrinking the feature size obtainable by BCPs self-assembly is non-trivial
and achievement of precise microdomain location, orientation, and elimination of various defects
requires careful material design and engineering with a must to understand the underlying
mechanism.
For exploring new BCPs systems, computer simulations are valuable tools for designing
new materials. Unfortunately, theory that can model the ordered state morphologies of BCPs
system with determination of ODT, and underlying molecular-weight-dependent χ, is still absent.
Moreover, simulations of self-assembly of large quantities of polymer chains are costly and
sometimes unfeasible for simulating certain annealing conditions used for inducing
morphological transitions in BCPs systems, which is of central interest for investigating
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nanophase separation purposes. Reducing the degree of freedom by employing a small set of
dimensionless state parameters in coarse-graining methods might be essential for simulation in
BCPs system. Self-Consistent Field Theory (SCFT) is currently the primary theoretical approach
for studying the BCPs phase behavior, where the free energies of possible structures of polymer
chain configurations are predicted and a phase diagram can be constructed to indicate the
preferred morphology with convenient specifications of composition and χN. However, SCFT
has shortcomings in predicting microphase separated morphologies for low N BCPs since its
expected range of accuracy only lies in the limit of very long chains, and being well known for
incapable for describing quantitatively near the vicinity of the ODT, where low N BCPs reside.35
It should be noted unique static and dynamic properties of polymers depend on chain
length, therefore many parameters in high N BCPs might be inappropriate for adoption in low N
BCPs, such as polymer densities, sensitivity to dispersity in both molecular weight and
composition, sensitivity to end-group effects. Molecular weight dependence in density, χ, Tg,
TODT, are to be expected for low N BCPs. From this argument, one can presume that simulating
low N diblock copolymer with consideration of polydispersity poses a stringent test for new
theories for phase behavior interpretation corresponding to experimental conditions. Admittedly,
most simulation works are based on strictly monodisperse polymers without accounting for
dispersity in the block lengths.
When χN→(χN)ODT, short chain with small effective χN tend to be remain well mixed
rather than phase separated, more factors will complicate satisfactory nanophase separation in
BCPs.
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1.3.2 Challenge for annealing Sub-10 nm BCPs
Block copolymer phase segregation and degree of order are achieved by balancing the
kinetics and the thermodynamics of pattern formation. The thermodynamic driving force for
phase segregate is proportional to χN, while the diffusion becomes exponentially slower as χN
increases. The trade-off between the χN dependences circumscribe the working window of
successful annealing conditions. As lower temperature boosts larger χ value, it also strengthens
the driving force causing the BCPs to segregate and to achieve order.
The difficulty of annealing conditions arise when χN→(χN)ODT due to the fact that
necessary polymer chain mobility enhancement brought by higher temperature lowers the
driving force for phase separation (effective χ: χeff). In other words, the two dissimilar
components have a greater propensity to mix at elevated temperatures. With elevated
temperature, χeff will be reduced, and BCP phase separation will be more difficult with a smaller
χ. Evidences have shown that even below the TODT, orders in BCP monolayer achievable after
long isothermal anneals is a steadily and strongly decreasing function of increasing temperatures
and the disorder is primarily a result of higher density of defects at higher temperatures rather
than kinetic limitations.34 Given that a reduction in effective χ is to be expected during thermal
annealing, for successfully phase separation a higher χ value starting point is desired to give
allowance for slight reduction in effective χ during annealing.
Poly(styrene-block-methyl methacrylate) (PS-b-PMMA) has been one of the earliest
investigated block copolymer applied in the lithography field thanks to its ease of synthesis,
photochemical properties and easiness to achieve perpendicular self-assembly. However, the low
segregation strength χ (~ 0.038 at 25 °C) between PS and PMMA blocks restrict the downscale
of domain period below 20 nm and prohibits sub-10 nm patterning opportunity. Even for a high χ
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low N BCP such as in ref36 polydimethylsiloxane-block-polylactide (PDMS-b-PLA) with a χ
=0.94 at 25 °C. annealing conditions need to be chosen carefully, an annealing condition of
room-temperature aging for six months was used, the concern of χ reduction at elevated
temperature probably have played a role in the decision of choosing such an annealing condition
for optimum phase separation.
Possible annealing conditions that do not induce as significant χ reduction during
annealing or only transiently reduce χ is highly desirable for sub-10 nm BCPs study, some
ultrafast annealing methods such as microwave annealing37 or laser annealing38 and some
combined methods39 should be further explored for this purposes.
Controlling the orientation of BCP domains is one of the major challenges in BCP
lithography. As shown in Figure 1.2, neutral surfaces for BCP self-assembly is needed for
orienting BCP domains oriented perpendicularly to the substrate surface and the free surface.
Assuming the free surface is neutral for BCP self-assembly, when the substrate surface is
preferential to one domain in the BCP, the energetic penalties are minimized when the favored
block wets the entire substrate, therefore parallel orientation is generated instead of
perpendicular ones. For top-down pattern transfer purposes, the BCP domains need to assembly
in perpendicular orientation with regards to the substrate and through the film thickness. The
interactions of blocks need to be properly balanced both at the free surface and the substrate. To
tune the surface energy of the substrate to the desired conditions for perpendicular BCP selfassembly, enormous efforts for surface modifications were attempted, including grafting
statistical random copolymer 40, self-assembled monolayer (SAM) 41, binary homopolymer blend
42

, reduced graphene oxide 43, organosilicates 44, etc.
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Achieving perpendicular orientation is particularly difficult for high- χ BCPs, due to the
incompatibility between domains of BCPs elevated as with enlarged χ values. Balancing the
disparate interfacial energy makes it more challenging to establishing a neutral layer for both
domains. To tune the free surface energy and induce perpendicular orientation of high χ BCPs,
top coat and SVA are commonly used. Cylinder-forming and lamellae-forming BCP templates
are most relevant for lithography purposes thanks to their ability to form perpendicular selfassembly orientation, and thusly the two morphologies are used for demonstration in Figure 1.2.
Figure 1.2 shows the most frequent occurring orientations induced by several interfacial
conditions during annealing.

Figure 1.2 Schematic of thin film cylinder-forming and lamellae-forming BCP self-assembly
orientation influenced by interfacial conditions. Self-assembly orientation with free surface being
neutral for both blocks, substrates preferential to red block a.) d.), substrates neutral for both
blocks b.) e.) f.), and substrates preferential to blue block c.) g); Self-assembly orientation with
top surface covered by neutral top coat h.) j.); Self-assembly orientation with top surface covered
by neutral solvent vapor i.) k.).
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Neutralization of the top interface has been more challenging. It is convenient for only a
few BCP with minor interfacial energy difference (similar surface energies) such as
poly(styrene-block-methyl methacrylate) (PS-b-PMMA), poly-(styrene-block-D,L-lactide),
poly(ethylene glycol-block-fluorinated methacrylate), partially epoxidized poly(styrene-blockisoprene), poly(styrene-block-hydroxyethylmethacrylate) , a free surface of vacuum, nitrogen or
argon is readily neutral for perpendicular self-assembly. Most BCPs exhibit strongly preferential
free (top) surface interactions at all experimentally accessible temperatures and produce “wetting
layers.” SVA is celebrated for its versatility to tune free surface energy by conveniently
controlling vapor pressures of various solvents and less demanding on the materials side.
Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and polystyrene-block-poly(4vinylpyridine) (PS-b-P4VP) among many others can be successfully annealed by SVA to
generate perpendicular self-assembly. But this process experiences some restrictions when
applied, including vapor induced polymer film dewetting, long annealing times, deformation of
the structures due to vapor distribution, and incompatibility with some processes commonly used
in nanomanufacturing. Especially, for silicon-containing block copolymers, surface wetting
layers and film dewetting are tricky to control using solvent vapor annealing or thermal
annealing. To eliminate this preferential layer at the free surface, a substitute for free surface
with tuned surface energy need to be devised, whereby the top surface energy difference between
different blocks can be neutralized.
Annealing techniques with the aid of top-coat 45 played important roles in high χ BCPs
annealing to accommodate interfacial surface energy balance at the free surface and eliminate
top surface wetting layer. For annealing certain BCPs to perpendicular self-assembly, the use of
top coat is indispensable such as poly(styrene-block-trimethylsilylstyrene) (PS-b-PTMSS) and

16

poly(styrene-block-methyltrimethylsilylmethacrylate) (PS-b-PTMSM). Annealing in the absence
of a top coat can only form parallel lamellae for such BCPs (even if the bottom interface is
perfectly neutral) due to the free surface wetting layer.
Top coat materials are usually polymers with multiple components with careful
modifications to monomers to modulate surface energy and fine-tune to cater to different BCP
chemistries and volume ratios.46 To be coated onto BCP thin film, the top coat material needs to
be dissolved in an orthogonal solvent that does not dissolve or swell the block copolymer film.
To induce neutral interfacial conditions, top coat materials need to have an interfacial energy that
balance both blocks. Achieving both requirements can be difficult as a material polar enough to
be dissolve in an orthogonal solvent is usually too polar for inducing neutral conditions. Polarity
switch after application of the top coat are developed to solve this conflict, practically alter the
top coat material towards non-preferential from the polar precursor that required for coating
process. Top coat materials can be thermally switched (ring opening in base solution and ring
closing during thermal annealing) 47, photoinitiated switched or chemically switched to adjust
their polarities. To be employed during thermal annealing, the top coat material must also have a
Tg above that of all blocks in BCP, minimum intermixing of polymer chains with BCP.
Examples of annealing procedures with top coat techniques are listed in the Table 1.1, mainly
consist of silicon containing BCP chemistries, such as poly(styrene-block-trimethylsilylstyreneblock-styrene) (PS-PTMSS-PS)47 , poly(trimethylsilylstyrene-block-D,L-lactide) (PTMSSPLA)47 , poly(styrene-block-trimethylsilylstyrene) (PS-b-PTMSS)46 48, poly(styrene-blockmethyltrimethylsilylmethacrylate) (PS-b-PTMSM)46, etc.
Ideally, BCP thin film will achieve perpendicular orientation when sandwiched between
two perfect neutral surfaces, however this takes good efforts of engineering to impose in practice
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to make sure either surface only retain modest non-zero surface energy deviation < 0.5 mN m-1.
Also, besides surface energy, film thickness of BCP played a part in orientation formation - only
certain discrete BCP thicknesses can produce a perpendicular orientation.
Table 1.1 Top coat techniques employed during annealing

BCPs

Substrate
Neutral layer

PSPTMSSPS47

Crosslinkable
poly(4methoxystyre
ne-random4vinylbenzyla
zide)

PTMSSPLA47

Top coat

terpolymers
composed of maleic
anhydride,
norbornene and 1(trifluoromethyl)-4vinylbenzene.

Terpolymers
composed of maleic
anhydride,
Crossnorbornene with
linkable
pendant chains and
poly(4methoxystyre Nphenylmethacrylami
ne-randomde.
4vinylbenzyla
zide)

(table cont’d.)
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Anneal

Top coat
application
solvent

Top coat
removal
solvent

210°C
for 1
min in
air,
cooled
on metal
block

3:1 by
weight
MeOH:aq.
30 wt %
NH4OH

3:1 by weight
MeOH:aq. 30
wt % NH4OH

170 °C
in a
vacuum
for 20 h,
cooled
down
under
vacuum

3:1 by
weight
MeOH:aq.
30 wt %
NH4OH

3:1 by weight
MeOH:aq. 30
wt % NH4OH

Substrate
Neutral layer

BCPs

PSPTMSS46

PSPTMSS48

PSPTMSM46

Crosslinkable
random
copolymer of
4-tertbutylstyrene,
methyl
methacrylate,
and 4vinylbenzyla
zide
Crosslinkable
random
copolymer of
4-tertbutylstyrene,
methyl
methacrylate,
and 4vinylbenzyla
zide
Crosslinkable
random
copolymer of
4-tertbutylstyrene,
methyl
methacrylate,
and 4vinylbenzyla
zide

Top coat

Anneal

Top coat
application
solvent

Top coat
removal
solvent

190 °C
for 30 s

Trimethyla
mine
(TMA)
/MeOH

TMA/MeOH

trimethylammonium
salt of

trimethylamine salt
of a poly(4-tertbutylstyrene-altmaleic anhydride)

trimethylammonium
salt of

190°C in
air for
TMA
10 min

Tetramethylam
monium
hydroxide
(TMAH) based
developer

170 °C
for 60 s

TMA/MeOH

TMA/MeO
H

1.3.3 Challenge for DSA BCPs with Sub-10 nm feature size
BCP self-assembly is generally limited to the formation of randomly located periodic
patterns, whereas only controlled directional alignment of microdomains that fit into the
designed structures are useful in devices. Directed self-assembly with the capability of directing

19

the pattern formation in designed alignments and registrations is the ultimate path for
implementing BCP lithography to industrial applications, possibly to solve the impending
resolution limitations associated with optical lithography in the production of large scale
integrated microelectronic devices.
Several methods for aligning the domains of thin-film block copolymers have been
demonstrated including solvent vapor annealing with soft shear (SVA-SS)49 , cold zone
annealing 50, electrical fields 51, top-coat dewetting generated shear flow 52, magnetic fields 53
etc.
The process control for DSA is much more complicated with the requirements for final
device applications, such as narrow commensurability conditions between BCPs and the
directing patterns, the hurdle abound patterning processes, line edge roughness requirements, and
the subtle interface neutralization conditions of the substrate, etc. A review of DSA for sub-10
nm natural period BCP would be of extremely high industrial value, a proper time for such a
review will ripen with more high-quality DSA of sub-10 nm natural period BCP being achieved.
1.3.4 Highlighting PDI control in sub-10 nm pitch BCPs system
Polydispersity is a numerical value used to describe the molar mass distribution of
polymer chains, derived by the molar mass (Mn) divided by the weight-average masses (Mw),
𝑀𝑛 =
𝑀𝑤 =

∑ 𝑀𝑖 𝑛𝑖
∑ 𝑛𝑖
∑ 𝑀𝑖2 𝑛𝑖
∑ 𝑛𝑖 𝑀𝑖

= ∑ 𝑥𝑖 𝑀𝑖

(1.4)

= ∑ 𝑤𝑖 𝑀𝑖

(1.5)

∞

𝑀𝑛 = ∫0 𝑀𝑝 (𝑀)𝑑𝑀

(1.6)

∞

𝑀𝑤 =

∫0 𝑀𝑝2 (𝑀)𝑑𝑀

(1.7)

∞

∫0 𝑀𝑝 (𝑀)𝑑𝑀
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Where ni, xi and wi are the number of moles, the molar fraction, and the weight fraction of
polymer chains with mass Mi, respectively. For the continuous form in equation (1.6) and (1.7),
Mp(M) is the molar fraction of chains with mass between M and M+dM. The breadth of the
molar mass distribution is typically parameterized by the polydispersity index (PDI), defined as
the ratio of the weight to molar masses, as shown in equation (1.8).
𝑃𝐷𝐼 =

𝑀𝑤

(1.8)

𝑀𝑛

A perfectly monodisperse system will have a PDI equals to one. For a real polymer
system PDI value is always larger than unity and increases as the molar mass distribution
increases in the breadth.
A general prediction from theoretical treatment of polydispersity effects in diblock
copolymer melts near the order-disorder transition (ODT) using the random-phase approximation
(RPA) and self-consistent mean-field theory suggests that as PDI increases the segregation
strength required at the ODT, (χN)ODT, decreases.54 That is to say, a larger PDI would foster
phase separation in BCP, increase the TODT, and monodisperse polymers are less able to phaseseparate at low χN values. While common sense might lead to the notion that wider chain-length
distribution should stabilize the disordered state with respect to the ordered, enlarge the region of
the disordered phase and increase (χN)ODT.
There are only a few researches available documenting the influence of PDI for low N
BCP self-assembly and especially scarce for experimental low N BCP self-assembly study.
Experiments examination of the influence of PDI is hampered by difficulties of making
controlled BCP mixture with precise PDI as well as a lack of distinguishability between two
similar BCP system with only PDI difference. However, experimental validation is highly
necessary and expected to reveal interesting disagreement with mean-field theory predictions of
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vital properties such as ODT. This is an area that urgently need further elucidation. Some known
assertions appear to be logical or counter-intuitive and sometimes contradict between different
works, the true mechanism is waiting to be uncovered.
Lynd et. al determined experimentally that in both asymmetric poly(ethylene-altpropylene)-block-poly(DL-lactide) and polystyrene-block-polyisoprene systems increasing
polydispersity in the minority component resulted in a decrease in the segregation strength at the
order-disorder transition, whereas increasing polydispersity in the majority component resulted
in an increase in the segregation strength at the order-disorder transition.55 They also suggested
domain spacing increase with an increased PDI, and PDI increases in one block of an
asymmetric diblock copolymer resulted in transitions to morphologies with increased mean
interfacial curvature toward that block.55 RPA theory simulation of two-component
polydispersed BCP system by Fredrickson et al. suggested that the longest chains in a
polydisperse system are driving the microphase separation due to their larger (χN)eff while
shorter chains get ‘‘dragged’’ along.54 A SCFT simulation with fractionation of the parent
molecular-weight distribution by Matsen indicated effect of A-block polydispersity in A-B
diblock copolymer system reduced the entropic elasticity of the A domains, caused a tendency
for the interface to curve towards large fA, relieved packing frustration, induced a reduction in
long-range order and favored a Lamellae-Cylinder coexistence two phase region over the gyroid
phase. 56
The challenge of exploring this field lies in the complexity introduced by polydispersity
in simulation as most physical properties are molecular weight dependent and therefore PDI
dependent, making necessary simplification to reduce computing burden while maintain
necessary accuracy would be a challenge. Inspiringly, experimental challenge in making
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precisely controlled PDI BCP system has witnessed a breakthrough by making monodispersed
BCPs in synthesis. The success of high χ low N BCPs for sub-10 nm full pitch demonstrated in
ref 36 is particularly gratifying in light of for the first time accurate control of PDI to unity, and
revealing the grand difference between a true monodisperse with a conventionally narrow PDI
“monodisperse”. The comparison between ref36 of monodispersed poly(dimethylsiloxane)-blockpolylactide (PDMS-PLA) diblock with ref57 of polydispersed polylactide-blockpoly(dimethylsiloxane)-block-polylactide (PLA-PDMS-PLA) indicated monodispersed system
possessed better long range order, less defects, better defined line edge, smaller χ, etc. It is also
encouraging that a monodispersed BCPs can faithfully nanophase separated into the
morphologies dispute unfavorable predication from theorical simulation.
For the straightforward illustration, we plot the phase diagram of the reported PDMSPLA BCPs system from ref36, as shown in Figure 1.3 with each data points indicated on the plot
with their reported domain spacing and morphologies. Based on the morphology region indicated
in Figure 1.3, more design points are calculated and present in the discrete form with each point
being monodisperse and differ with their most adjacent neighbor by one repeating unit, as shown
in Figure 1.4.
Notice that in Figure 1.3 the “Disorder 2” point PDMS23-PLA19 (the subscript number
representing the number of repeating units in each block) and cylindrical morphology point
PDMS23-PLA11 with a 7.1 nm domain spacing only has a minor difference of two lactic acid
repeating units (16 atoms in total). This showed the non-trivial effect of alternation of chain
length by two repeating unit in monodispersed BCP system.
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Figure 1.3 Phase diagram summarized for monodispersed PDMS-PLA, phase boundary is
schematically drawn based on empirical rule. 36 Numbers near each data point denote the domain
spacing, calculated as d* = 2π/q*, determined by SAXS for each morphology.
A tentative cycle is placed to include certain surrounding design points in Figure 1.4,
which represent a mixture of ten most closely semblable chain variance and species. We assume
a uniform distribution of each variance. For the circle in Figure 1.4, 10 design points are
included, namely PDMS18-PLA9, PDMS19-PLA10, PDMS20-PLA10, PDMS20-PLA11, PDMS21PLA10, PDMS21-PLA11, PDMS22-PLA11, PDMS22-PLA12. Based on these assumptions a PDI of
this chain mixture can be calculated as shown in equation (1.9).
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Figure 1.4 Color coordinated phase diagram with available design space in discrete form. Each
point in the diagram represents PDMS-PLA with one repeating unit difference to their nearest
neighbor. Phase region are empirically distinguished based on experimental results, with light
blue region being lamellae (Lam); light purple region being bi-continuous double gyroid (DG);
red region being hexagonally packed cylinders (Hex); light yellow region being cylinders bodycentered cubic spheres (BCC), and grey region being disordered. Domain spacing is based on
experimental results and correlation in strong segregation regimes d ~χ1/6 N2/3. Design points that
fall in the disordered region should not have a domain spacing since they cannot phase separate,
their d value is hypothetical for the sake of argument.
𝑃𝐷𝐼 =

𝑀𝑤
𝑀𝑛

∑ 𝑀2
𝑖 𝑛𝑖

=

∑ 𝑛𝑖 𝑀𝑖
∑ 𝑀 𝑖 𝑛𝑖
∑ 𝑛𝑖

= 1.041

(1.9)

PDI=1.04 is commonly considered to be a narrow dispersity for BCPs used in selfassembly pattern formation, which is mostly synthesized by stepwise polymerization processes
with inherently random nature. However, under this context, this PDI covers an area width that is
across the border of phase separated cylinder and disorder, the ability for this mixture to achieve
phase separation is unknown with the current knowledge. This calculation aims to point out that
at low N region, phase diagram becomes exquisite, and boundaries between different phase
region is compactly located near each other. Any slight molecular weight difference in low N
BCPs will result in non-negligible volumetric ratio difference, and immediate consequence is the
alternation of theoretical locus in the phase diagram. PDI induced locus fluctuation in phase
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diagram can be significant by even one repeating unit alteration when targeted feature size is
downscale to 10 nm or below.
The excitement of this work comes not only from powerfully generating sub-10 nm full
pitch using BCP templates, but more importantly from its capability of synthesis precise
monodispersed BCP species with a near unity PDI (PDI<1.00002), this allows for the first time
to controlled mixing BCP species with truly known PDI for phase separation study. Such
capability grants unprecedented opportunities for answering the questions with experimental
results to compliment simulation. Some interesting research topic include, i) how does PDI shift
the ordered phase diagram boundary or morphologies transition; ii) how does PDI influence
ODT of low N BCP self-assembly; iii) how dose PDI influence domain spacing; iv) effect of PDI
on the nature of topological defects; v) PDI enhancement on stability of metastable morphologies
such as perforated-lamellar (PL), etc.
1.3.4 Review BCPs of Sub-10 nm full pitch
BCPs in Table 1.2 has demonstrated sub-10 nm full pitch pattern generation without need
for adding χ-booster materials. We have tried the best to be exhaustive in reviewing BCP with
sub-10 nm natural period reported in literature, some other candidates with high χ value and
reported pitch larger than10 nm are regretfully removed from the table, but mentioned in the later
section, their potential of sub-10 nm patterning is acknowledged. Table 1.2 are for the attention
of recent solid prove of sub-10 nm full pitch generation using BCPs template as the most
remarkable progresses in the field.
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Table 1.2 Block Copolymers with sub-10 nm full pitch
Chemistry

polydihydroxys
tyrene-blockpolystyrene
(PDHS-b-PS)

χ

χ =0.7
@
170 °C

TODT
(°C)

PDI

230

1.05

280

300

1.09

1.08

310
functionalized
polyhedral
oligomeric
silsesquioxaneblockpolystyrene
(XPOSS-b-PS)

F17POSS-PS35
F13POSS-PS35

d (nm)

2.15

5.9

4.2

7.6;
8.8*

f PS = 0.8
Hex

4.9

8.1;
9.3*

f PS = 0.84
Hex

6.75

9.7

f PS = 0.5
Lam
f PS = 0.79
Hex

Synthesis

Annealing

Ref

Reversible
addition−fragmentati
on chain-transfer
(RAFT)
polymerization

Thermally
annealed at
170 °C for 24
h under
vacuum

58

χ varies
with
functio
nal end
group
1.04

DPOSS-PS35
APOSS-PS35

Mn
(kg/mol)

Morphology

No
value
reported

1.05
>170
1.04
1.05

f PS = 0.78
DG
f PS = 0.79
Hex
f PS = 0.63
Lam
f PS = 0.68
Lam

59

5.2

8.4

5.1

7.6

7.8

9.6

7.0

8.5

(table cont’d.)
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Seven thiol molecules
of selection are
Thermally
simultaneously
annealed at
installed onto one
150 °C for 1 h
POSS cage of the
vinyl-substituted
POSS-PS conjugates

Chemistry
DPOSS-2PS17
APOSS-2PS17

χ

TODT
(°C)

1.03

No
value
reported

1.04

F17POSS-2PS17
F13POSS-2PS17

PDI

1.03
0.185
@
150 °C

poly(cyclohexyl
ethylene)block-poly0.178
(methyl
@
methacrylate)
150 °C
(PCHEPMMA)

polydimethylsil
oxane-bpolylactide
(PDMS-b-PLA) 0.94 @
25 °C

140

173

1.03

1.11

72.9
42.2
52.3
70.8
82.5

≤
1.000
02

Morphology
f PS = 0.78
Hex
f PS = 0.79
Hex
f PS = 0.63
Hex
f PS = 0.68
Lam

f PCHE = 0.46
Lam

f PLA = 0.48
Lam
f PLA = 0.29
Hex
f PLA = 0.32
Hex
f PLA = 0.35
DG
f PLA = 0.37
DG

Mn
(kg/mol)

d (nm)

Synthesis

5.2

6.9

via one-step thiol-ene
“click” reaction.

5.1

6.3

7.8

8.0

7.0

7.6

2.0-2.8

9.0

2.486

6.8

2.646

6.5

2.791

7.1

2.935

7.4

3.079

7.8

(table cont’d.)
28

Annealing

Ref

Thermally
annealed at
150 °C for 1 h

Combination of
anionic and atom
transfer radical
polymerization
(ATRP) techniques

Synthesis of
homochiral, discrete
length of oligo-lactic
acid and
oligodimethylsiloxan
e, and combine the
discrete homooligomers to furnish a
library of uniform
block co-oligomers

Thermal
annealing at
170-200 °C
for ≥14 h
under vacuum;
Chloroform
vapor
annealing for
10 mins on a
HMDS-treated
silicon wafer

60

36

Long time
aging (six
months) at
room

Chemistry

χ

TODT
(°C)

PDI

148.9
polydimethylsil
oxane-b0.94 @
polylactide
25 °C
(PDMS-b-PLA)

91.3

≤
1.000
02

151.3

poly(paratrimethylsilylst
yrene)
(PTMSS)
tethered to
oligosaccharide
s
(MH-PTMSS)

poly(4-tertbutylstyreneblock-2vinylpyridine)
[P(tBuSt-b2VP)]

Morphology

Mn
(kg/mol)

d (nm)

f PLA = 0.46
Lam

3.655

f PLA = 0.31
Hex

3.231

8

f PLA = 0.42
Lam

3.952

9.3

8.7

Not
known

Not
know
n

1.30

f PTMSS =
0.701 Lam

3.9 (2.71.232)

8.3

0.1167

132

1.09

f P2VP =0.52
Lam

4.5(3.01.5)

9.6

0.1148

140

1.07

f P2VP =0.46
Lam

4.8(2.82.0)

(table cont’d.)
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Synthesis
Synthesis of
homochiral, discrete
length of oligo-lactic
acid and
oligodimethylsiloxan
e, and combine the
discrete homooligomers to furnish a
library of uniform
block co-oligomers
PTMSS was
synthesized by
activators regenerated
by electron transfer
atom transfer radical
polymerization
(ARGET ATRP),
azide
alkyne “click”
chemistry was used
to couple
functionalized
oligosaccharides

Sequential anionic
polymerization
9.7

Annealing

Ref

Long time
aging (six
months) at
room

Thermal
anneal at
160 °C under
vacuum for 15
min; solvent
annealing in
50/50
THF/water
vapor for
24 h

61

thermally
annealed at
190 °C for 24
h under
vacuum

62

Chemistry

χ

TODT
(°C)

PDI

Morphology

Mn
(kg/mol)

d (nm)

Synthesis

Annealing

Ref

poly(5-vinylthermally
1,3annealed with
benzodioxoleNot
Not
Not known,
Anionic
top coat at
45
blockpentameth
know 1.03
11.8
10.6
known
Lam
polymerization
190 °C for 1
yldisilylstyrene)
n
min under
(PVBD-bvacuum
PDSS)
Giant surfactants are included in the table alongside with strictly-speaking block copolymers, for their similar functionality in pattern
generation; d: domain spacings determined by SAXS.
It is worthy to note that effective χ of BCPs can be increased without altering BCPs chemistry. Successful examples includes
PS-PMMA blended with ionic liquids as χ-booster to achieve a ~19.3 nm pitch.63 Poly(styrene-b-ethylene oxide) (χ =0.049) can
achieve microphase separation with a small molecular weight of Mn = 7.0 kg/mol (PS-PEO 5-2 kg/mol ) and showcased 3 nm features
after complexed with LiAuCl4 salt. 64
Poly(cyclohexylethylene)-block-poly-(methyl methacrylate) (PCHE-PMMA) with χeff(150°C)=0.178 60 and
polydihydroxystyrene-block-polystyrene (PDHS-b-PS) with χeff(170°C)=0.7 58 are two of the largest χeff reported for an all-organic
BCP systems to date. Silicon containing BCPs are generally celebrated for their larger inherent etch contrasts and higher χeff compared
with all-organic BCP systems, BCPs that contains silicon in backbone includes poly(styrene-block-dimethylsiloxane) (PS-b-PDMS),
poly(2-vinylpyridine-b-dimethylsiloxane) (P2VP-b-PDMS), and poly(dimethylsiloxane-bmethylmethacrylate) (PDMS-b-PMMA),
etc., as well as BCPs contains silicon in pendant groups (in order of increasing χ): PS-block-oly(trimethylsilylstyrene) (PS-b-PTMSS),
PS-block-poly(pentamethyldisylilstyrene) (PS-b-PDSS), poly(4-methoxystyrene)-block-PTMSS (PMOST-b-PTMSS), PMOST-block30

PDSS, and poly(5-vinyl-1,3-benzodioxole)-block-PDSS (PVBD-b-PDSS), PVBD-block-PDSS, etc. 15 Poly(trimethylsilylstyreneblock-D,L-lactide) (PTMSS-b-PLA) made through a combination of anionic and ring-opening polymerization techniques was also an
promising candidate with a χ greater than 0.4 at 140 °C and a reported domain spacing of 12 nm 65, due to a lack of demonstration of
sub-10 nm full pitch, this chemistry is not included in Table 1.2. Demonstration of sub-10 nm BCPs full pitch listed in Table 1.1 gives
a good guidance for future design in robust BCPs system for extreme scale patterning.
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1.4 Outlook
BCPs self-assembly is a promising patterning scheme to address grand lithography
challenges at sub-10 nm full pitch scale towards new generations of low-cost, high-resolution
nanopatterning technology.
The current generation of BCPs chemistries already achieved remarkable breakthrough in
rising χ values of BCPs systems, but the potential of further χ enlargement is surly not
exhaustive. Domain chemistry candidates with greater hydrophobicity such as perfluorohydrocarbon, or novel silicon containing polymer would be envisioned. BCPs with ionic, liquid
crystal, metal-containing domains should also be explored. With material properties simulation
and screening capability fueled by improved computing power and intelligent design and
retrieval techniques. We are optimistic for unearthing higher χ BCPs chemistries for robust
pattern generation transcending the current limits. Assuming such chemistries are ready to be
tested, one caveat to join two domains with great chemical incompatibility would be the step of
linking them together. As the incompatibility goes up, finding a common solvent or tolerable
reaction condition for both domains can be difficult for a coupling reaction to form the covalent
bond in between. This naturally leads to the synthesize challenge of such BCPs systems.
In fact, the design principles for sub-10 nm BCPs system reviewed in this chapter is
symbiotic for BCPs chemistry selection as well as synthesis route considerations. Determination
of suitable synthesize route cannot be successful without understanding what it takes to deliver
the final pattern. In this case, understanding the significance of PDI, molecular-weight
dependence of ODT, effective χ becomes prominently important. For instance, choosing a living
polymerization method can never delivery a BCP with a PDI of unity, combined with merits of
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smaller periodicity, lower LER, better long-range order, etc. Although the role of polydispersity
is not entirely clear for sub-10 nm pattern generation, but its influence showcased in literatures
reminds us to tailor synthesize route with a targeted PDI in mind. It can be predicted that
mechanism control for high-precision BCPs synthesis will become the crucible for sub-10 nm
BCPs patterning and its successfully demonstration into robust defect-free patterning scheme.
New polymeric materials are being reported daily, with the insight unleashed in this
chapter, more material with possible functionality can be explored for constructing strong
segregation self-assembly materials for sub-10 nm pattern generation. This chapter is strived to
provide a practical perspective for next generation lithographic purpose BCPs design and
engineering.
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CHAPTER 2. BLOCK COPOLYMER SELF-ASSEMBLY, IONIZATION AND
METALIZATION
2.1 Introduction
Nanoscale features are omnipresent in the field of electrochemical systems, catalysis,
plasmonics, microelectronics, photovoltaics, optics, etc. Controlled downscale from bulk to
nanometer range can influence the physical and chemical properties of a material and
subsequently induces profound changes in their performance in a given field. Precise placement
of ordered nanostructured is another key challenge in fabrication of functional nanomaterials,
especially for periodic arrangement of nanostructures. Such nanostructures challenge traditional
manufacture capabilities and urge state-of-the-art innovation on patterning schemes.
Ordered nanodots arrays have been fabricated by many processes, such as chemical vapor
deposition 66, electron beam lithography 67, dip pen lithography 68, molecular beam epitaxy 69,
laser interference lithography 70 and EUV lithography 71 . However, these patterning scheme
suffer from one or more issues such as lack of pattern size and placement control, low
throughput rate, cannot approach lower patterning feature size in range of 10~50 nm, and
requires expensive sophisticated specialty equipment, etc.
Nanowires arrays have been reported to be successfully made only by a handful of
techniques, such as electrodeposition 72, thermal evaporation 73, solvothermal synthesis 74 75 etc.
But these epitaxial growth methods cannot form high density nanostructures with controlled
periodic spacing. For fabrication of nanowire array with ordered diameters and spacing, BCPs
assisted pattern formation precedes most other patterning techniques.
Due to higher compatibility with the top-down etching-deposition processes,
perpendicular BCP patterns generated in thin film can maximize the utility of the self-assembled
pattern and are the main interest in this work.
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2.2 Neutral surface study
Using a random polymer is a most commonly employed technique for precisely
controlling the interfacial energies and wetting behavior of polymers in contact with solid
surfaces. Eight end-functionalized statistical random copolymers of styrene and methyl
methacrylate, HO-(PSrPMMA), were synthesized with the styrene fraction varying from 0 to 1,
and were thermally end-grafted onto silicon at 160 °C overnight. Their water contact angle data
in Figure 2.3 revealed the difference in surface energy as proxied by water contact angles of
these random copolymer brushes with different styrene compositions. The random copolymer
brush layer is about 5 nanometers thick determined by spectra reflectance. Crosslinkable mat
(e.g., poly(styrene-random-glycidyl methyl methacrylate) (76% styrene PSrPMMArPG4) is
another popular random copolymer material for achieving neutral conditions for BCPs selfassembly. Instead of end-grafted onto substrates’ surface, mat material crosslink within its thin
film on top of the substrates after thermal treatment, this allow mat material to be employed on
broader range of substrates where there are no functional groups for grafting end-functionalized
brushes. Fine tuning relative surface affinities of PS and PMMA has been achieved in this work
by adding homopolymer into random copolymer crosslinkable mat, demonstrating a new way of
manipulating polymer-surface interactions without the need of synthesizing new random
copolymer materials.
Thermal annealing is favored over solvent vapor annealing due to its ease of control,
short time consumption and readily availability in common manufacturing, therefore BCPs that
can achieve perpendicular orientation by thermal annealing is particularly interested by the
industry. Poly(styrene-block-methyl methacrylate) (PS-b-PMMA) with a modest interfacial
energy difference between constituent blocks and facile perpendicular orientation is widely
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adopted for BCP self-assembly study. Thermal annealing of PS-b-PMMA is usually carried out
in the temperature range of 160~250 °C under vacuum. The annealing temperatures are chosen
above the glass transition temperature (Tg) of the BCP and below the thermal decomposition
temperature or TODT whichever comes lower. Annealing conditions also need to be considerate of
the temperature tolerance of the substrates to minimize temperature induced deformation for
fragile substrates. For PS-b-PMMA vacuum environment and nitrogen or argon atmosphere pose
as neutral surface condition, thereby the surface condition of the substrate will have decisive
influence on the pattern orientation of BCP thin film. Noted that in thicker film where the top
surface is sufficiently away from the substrate, neutral surface condition imposed by the free
surface under vacuum will determine pattern orientation on the top surface.
All block copolymers, PS-b-PMMA 38k-36.8k, PS-b-PMMA 46.1k-21k, diblock PS-bP2VP102k-97k, PS-b-P2VP 40k-44k and triblock P2VP-b-PS-b-P2VP12k-23k-12k, P2VP-b-PS-b-P2VP8k17k-8k

and polystyrene homopolymer (Mn=39000, Mw=43800), and monohydroxy terminated

polystyrene brush HO-PS (Mn=1200, Mw=1300) were received from Polymer Source, Inc.
Poly(methylmethacrylate) homopolymer (Mw~120000) was supplied from Sigma Aldrich.
Thermally crosslinkable mat polystyrene-random-poly(methylmethacrylate)-randompolyglycidyl methacrylate (PG4), (PSrPMMArPG4) containing 76% styrene was made according
to ref 76. All other chemicals (isopropanol, acetone, methyl iodide (MeI), 2-butanone, toluene, nmethyl-2-pyrrolidone (NMP), N,N-dimethyformamide (DMF), sulfuric acid, and sodium and
potassium salts were received from Sigma Aldrich and used without further purification. Single
side polished silicon wafers doped with arsenic (resistance 0.001-0.004 ohms) were received
from WRS materials. Deionized water collected from a Millipore water filtration system (water
resistance ∼18.2 MΩ) was used for all water needs.
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Crosslinkable mat material were mixed with different amounts of polystyrene
homopolymer or poly(methylmethacrylate) homopolymer to give a serial of different styrene
ratios, each homopolymer mat mixture was made into 0.25 wt% solutions in toluene. Mat
solution or modified mat solution were spin coated onto bare silicon wafer pieces freshly cleaved
from a 4” silicon wafer. Thermal annealing was subsequently performed to thermally crosslink
the mat material at 250 °C for 10 min under vacuum. After cooling down to room temperature,
unbounded mat material was rinsed away by immersing in excess toluene under sonication for
three times with each time replenish the used solvent with fresh toluene. Samples surface were
dried with dry nitrogen flow, and samples were kept in a container with cover to prevent dust
accumulation on the surface. Block copolymer PS-b-PMMA 46.1k-21k 1.5 wt% in toluene was spin
coated onto all prepared substrates at 4000 rpm for 45 s. And the BCPs thin films on these
substrates were thermally annealed under vacuum in a dedicated thermal annealing chamber at
250 °C for 10 min. For easy morphology inspection under SEM, a brief wet etch on PS-bPMMA thin film was conducted by UV exposure at 9999 μJ cm-2 for 5 times in a 254 nm UV
crosslinker under vacuum, followed by rinsing away the UV degraded PMMA domain in glacial
acetic acid for 45 minutes at room temperature.
Figure 2.1 revealed the morphology orientation of self-assembly PS-b-PMMA thin film
after wet etch, on original mat material containing 76 wt% styrene, and modified mat material
containing 25.33 wt%, 38 wt%, 82.86 wt%, 88 wt% and 92 wt% styrene respectively. It can be
observed that the original mat material with 76 wt% styrene cannot offer perfect neutral
condition for cylinder-forming PS-b-PMMA 46.1k-21k to achieve perpendicular self-assembly,
evident by mixed orientation of perpendicular cylinders and parallel cylinders as well as the
frequent presence of grain boundaries. By adding PMMA homopolymer, it seemed that the
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surface conditions were closer to neutral, as more grains of cylinder take a perpendicular
orientation compared with that of 76 wt% styrene mat. Increasing the styrene content in the
crosslinkable mat beyond 82.86 wt% result in an extended region of parallel orientation.
Presumably equal surface energies between blocks leading to perpendicular alignment of
cylinders when thin films are supported on a neutral layer with 82.86 wt% styrene content.
Neutral surface study serves to test out the right neutral condition for perpendicular selfassembly of BCPs. In this neutral surface study 82.86 wt% was found out to be the neutral
conditional for PS-b-PMMA 46.1k-21k. This is the first time where mixtures of crosslinkable mat
material and homopolymers were prepared as neutral layer and test for fine tuning the neutral
surface condition for PS-b-PMMA 46.1k-21k perpendicular self-assembly.

Figure 2.1 Surface morphology of BCPs self-assembly revealed by SEM images on silicon
substrates modified by adding different ratios of homopolymers into crosslinkable mat.
For BCPs that vacuum conditions do not pose as a neutral condition, such as PS-b-P2VP,
conventional thermal annealing under vacuum will not be able to induce perpendicular self38

assembly of the BCPs due to lack of neutral condition on free surface. Solvent vapor annealing
on the other hand can tune the free space conditions to be neutral by using different solvents or
solvent mixtures during annealing. Random copolymer brush HO-(PSrP2VP) (48% styrene
content by weight) was used to construct neutral surface for diblock PS-b-P2VP102k-97k, PS-bP2VP 40k-44k, and monohydroxy terminated polystyrene brush HO-PS (Mn=1200, Mw=1300) was
used to construct neutral surface on substrates for triblock P2VP-b-PS-b-P2VP12k-23k-12k, P2VP-bPS-b-P2VP8k-17k-8k during solvent vapor annealing. Briefly during solvent vapor annealing of PSb-P2VP 40k-44k and P2VP-b-PS-b-P2VP12k-23k-12k, a 44.9 sccm acetone saturated vapor mixed with
5.9 sccm of dry nitrogen at room temperature was continuously supplied to the BCPs samples for
2 hours, followed by a rapidly removal of solvent by a high flow rate dry nitrogen supply of
156.2 sccm for 10 minutes. Solvent vapor annealing of PS-b-P2VP102k-97k was conducted at
higher flow rate of 90 sccm acetone mixed with 5.9 sccm of dry nitrogen for 2 hours, followed
by purging with dry nitrogen. Solvent vapor annealing of P2VP-b-PS-b-P2VP8k-17k-8k followed a
similar procedure with 44.9 sccm 2-butanone saturated vapor mixed with 5.9 sccm of dry
nitrogen at room temperature for 2 hours, followed by a rapidly removal of solvent via nitrogen
purging. The annealing results of these BCPs can be verified under SEM. Besides final
morphology inspection under SEM, the surface energy of the neutral layer should be evaluated.
A commonly employed evaluation of surface energy is through measuring the water
contact angle and solvent contact angle on the interested substrates. Thanks to the convenience
of the water contact angle measurements, a neutral condition can be quantitative documented and
compared with in the form of a straightforward contact angle value. Wettability is the ability of a
liquid to adhere and spread over a solid surface with varying degree of contact angles. The angle
θ denoted in Figure 2.2 between the liquid droplet contour and the solid surface is the contact
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angle. When a drop of liquid is at rest and in equilibrium on a solid surface the droplet tends to
minimize its surface free energy G, which equals the sum of the products between surface
tension and surface area of all phase boundaries, as shown in equation (2.1). Young’s equation77
relates surface tension of the liquid γAL with contact angle θ and interfacial tension γSL, as shown
in equation (2.2).
G = 𝛾𝐴𝑆 𝐴𝐴𝑆 + 𝛾𝐴𝐿 𝐴𝐴𝐿 + 𝛾𝑆𝐿 𝐴𝑆𝐿

(2.1)

𝛾𝐴𝐿 cos 𝜃 + 𝛾𝑆𝐿 − 𝛾𝐴𝑆 = 0

(2.2)

Where, γAS is the surface tension of the solid in contact with air and AAS is the
corresponding surface area, γAL is the surface tension of the liquid in contact with air and AAL is
its corresponding surface area, and γSL is the interfacial tension between the solid and the liquid
and ASL is its corresponding contact area.

Figure 2.2 Schematic of contact angle between a liquid and a solid surface.
Table 2.1 Monohydroxy terminated HO-(PSrPMMA) brush with varied styrene ratios.
Theoretical
HOratio
(PSrPMMA)
(PS:PMMA)
Brush
mole ratio
Brush 1
100:0
Brush 2
90:10
Brush 3
80:20
Brush 4
70:30
Brush 5
60:40
Brush 6
50:50
Brush 7
40:60
Brush 8
30:70
Brush 9
20:80

Ratio
from H
NMR
mole ratio
100:0
84.7:15.3
78.5:21.5
69.1:30.9
60.2:39.8
49.5:50.5
40.6:59.4
31.2:68.8
24.8:75.2

Mass ratio
Mn
PS/(PS+PMMA)%
1
0.85
0.79
0.67
0.61
0.50
0.42
0.32
0.26

40

8936
7892
8417
8005
7873
7774
8054
7510
5655

Mw

PDI

11132
10038
12192
12421
12364
10954
11069
10422
7299

1.24
1.27
1.45
1.55
1.57
1.41
1.37
1.39
1.29

Water contact angle measurements of various HO-(PSrPMMA) random copolymer
brushes modified wafer surface were conducted on a VCA optima surface analysis system, as
indicated in Figure 2.3 random copolymer brush grafted wafer surface showed different wetting
behavior for water droplet, with higher styrene ratio corresponding to higher hydrophobicity and
larger contact angle, lower styrene ratio lead to lower hydrophobicity and smaller water contact
angle.

Figure 2.3 water contact angle of eight HO-(PSrPMMA) random copolymer brushes modified
wafer surface with for neutral condition study. a.) brush 2; b.) brush 3; c.) brush 4; d.) brush 5;
e.) brush 6; f.) brush 7; g.) brush 8; h.) brush 9.

Figure 2.4 PSbPMMA46.1k-21k self-assembly on neutral layer tuned by mixed random copolymer
brushes. a.) mixture of brush 2 and brush 3 with 0.50:0.50 ratio; b.) mixture of brush 2 and brush
3 with 0.75:0.25 ratio; c.) mixture of brush 2 and brush 1 with 0.50:0.50 ratio; d.) mixture of
brush 2 and brush 1 with 0.75:0.25 ratio. For enhanced SEM contrast, all BCP samples were wet
etched to remove PMMA domains before inspection.
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2.3 Ionization of block copolymer thin film
Taking advantage of the chemical difference between different blocks in BCP, selective
ionization and ion-exchange can be achieved. The loading of ions in the selective domain can be
controlled by the duration of reaction time, with prolonged reaction time increases the degree of
ionization.
Perpendicularly self-assembled poly(styrene-block-2-vinylpyridine) (PS-b-P2VP) block
copolymers template can go through selective ionization in either polystyrene or poly(2vinylpyrindine) domains, by reaction mechanism shown in Figure 2.5. Mainly two kinds of
ionization strategies were utilized in this work i.) chemical vapor infiltration reaction (CVIR) and
ii.) acetyl sulfonation reaction.
The chemical vapor infiltration reaction (CVIR) technique 40 was first defined by Arges
et al. as selectively convert the 2-vinylpyridine block to 2-vinyl n-methylpyridinium (NMP+ I-)
groups by exposing 2-vinylpyridine containing polymeric brushes or block copolymers with
methyl iodide (MeI) vapor, the resultant ionized polymer contains iodide ions as anion charge
carriers. Ion moieties introduced by CVIR as a gas-phase mild reaction can ionized BCP
templates while maintained their morphologies and orientation integrity, and post ion-exchange
can substitute iodide to other counterion forms, such as chloride, phosphate, bicarbonate,
bromide ion, etc. The CVIR technique allows the facile introduction of ionic groups after
properly orientate BCP templates, opening a board opportunity for constructing ionized BCP
templates with different anions of choice. During CVIR process, methyl iodide vapor undergoes
a Menshutkin reaction to alkylate the tertiary amines in the pyridine domain while the nonpyridine group remains intact and the adjacent glassy polystyrene holding the nanostructures
without degradation. Formation of ordered phase separation BCP templates and performing
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ionization were intentionally done in the sequence to take advantage of ordered nanostructured
obtainable by nonionic BCP templates.
Briefly, the phase separated PS-b-P2VP templates were placed in a 500 mL sealed jar
containing an opened 2 mL vial filled with methyl iodide. The 500 mL jar was sealed during the
Menshutkin reaction, and methyl iodide was enough for each reaction span (i.e. will not
evaporate totally before the reaction terminate). Ion-exchange of the 2-vinyl n-methylpyridinium
(NMP+ I-) with other commonly concerned anions was achieved by immersing with the ionized
BCP film in 1 M NamXn (X = Cl-, PO43-, Br-, and HCO3-) aqueous solutions for 12 h. The
substrates were then removed from the salt solutions and were allowed to release excessive ions
during DI water rinse for 1 h. The ion-exchanged BCP thin films with different counter anions
were blown dried by nitrogen and kept in a closed container.

Figure 2.5 Selective ionization of P2VP domains in BCPs template via CVIR: a.) Self-assembled
PS-b-P2VP thin film; b.) ionized PS-b-P2VP+ I- thin film after CVIR; c.) schematic of the
methylation reaction occurred during CVIR.
2.3.1 Water Contact Angle of Ionized Block Copolymer Thin Film
Ionize P2VP containing BCP templates via CVIR allowed for the conversion of
nanoconfined pyridine domains as anionic charge carriers without distorting the morphology. To
examine the anionic BCP templates further, the change in the water contact angle before and
after methylation of the PS-b-P2VP templates and after ion-exchange with different counter
anions were studied. All water contact angle measurements shown in Figure 2.6 were conducted
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on a VCA optima surface analysis system. After exposing to methyl iodide vapor for 4 hours
(MeI-4), the water contact angle of the PS-b-P2VP40k-44k changed from 90.78° to 87.95°,
witnessed a reduction in hydrophobicity after ionization. While compared with I- form anionic
BCP template, Br- form, HCO3- form, PO43- form, and Cl- form (in the sequence of increasing
hydrophobicity) all showed reduced hydrophobicity.

Figure 2.6 Water contact angles of pristine and ionized BCPs templates. a.) PS-b-P2VP40k-44k; b.)
PS-b-P2VP40k-44k MeI-4; c.) PS-b-P2VP40k-44k MeI-4 ion exchange to Cl- form; d.) PS-b-P2VP40k3344k MeI-4 ion exchange to HCO form; e.) PS-b-P2VP40k-44k MeI-4 ion exchange to PO4 form;
f.) PS-b-P2VP40k-44k MeI-4 ion exchange to Br- form.
2.3.2 GISAXS of Ionized Block Copolymer Thin Film
To further study ion infiltration effects on BCP thin film, PS-b-P2VP/NMP+ I- with
different exposure duration (4 hr, 24 hr, 67.5 hr) to methyl iodide vapor were studied via grazing
incidence small-angle X-ray scattering (GISAXS). GISAXS measurements were performed at
beamline 8-ID-E of the Advanced Photon Source at Argonne National Laboratory. An X-ray
wavelength of λ=1.1364 Å (energy 10.91 keV) was used. The sample was measured under
vacuum and the scattering data were collected at an incident angle θ=0.14° and exposure time of
1 s. The acquired GISAXS data (as two-dimensional images) were further treated and analyzed
using GIXSGUI software package. As shown in Figure 2.7, PS-b-P2VP displayed a strong first
order peak and weak second and third peaks with spacing indicating symmetric lamellae
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morphology, supporting ionization was successful without disrupting the morphology of selfassembled PS-b-P2VP block copolymers in thin films.
The PSbP2VP/NMP+ I- sample, exposed to methyl iodide vapor for 24 hours and 67.5
hours yielded more intense ordered peaks, indicating higher ionization degree as with longer
CVIR durations.

Figure 2.7 GI-SAXS of ionized BCP thin film: a.) P2VPbPSbP2VP 12k-23k-12k MeI-4hr; b.)
P2VPbPSbP2VP12k-23k-12k MeI-24hr; c.) P2VPbPSbP2VP 12k-23k-12k MeI-67.5hr.
2.4 Metal nanostructures derived from BCP templates
Metal nanomaterials have advanced properties arising from their nanoscale dimensions,
are widely applied as catalysts, hydrogen storage media, optoelectronic, electrochemical, and
electromechanical nanodevices etc. Metallic nanostructures on versatile substrates are important
for applications such as photovoltaics 78, electrocatalysis 79, metal interconnects 80, sensing
platforms 81, cellular recognition 82, molecular electronics 83, wave guides 84 and many other
metamaterials 85 86. Herein reported three strategies of fabricating metal nanostructures using
BCPs templates.
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2.4.1 Etch and deposition and lift-off
Reactive ion etching (RIE) is the most commonly employed lithograph technique for
pattern transfer. When applied with top-down directional RIE, BCPs templates undergo mainly
two effects, as witnessed by a reduction in thickness direction and the trimming effect in the
lateral feature size. Both etching effects need to be investigated for effective utilization of BCPs
templates for pattern transfer purposes. PS-PMMA46.1k-21k and PS-PMMA38k-36.8k BCP templates
as the most representing cylindrical and lamellae morphologies are utilized for the lateral etching
rate study after achieved self-assembled pattern on substrates. PMMA domains in the BCP
templates were wet-etched prior to O2 RIE for etching study, leaving holes on the PSPMMA46.1k-21k templates and trenches on the PS-PMMA38k-36.8k templates.
RIE of BCP templates were conducted on an Oxford plasma etcher at Center for
Advanced Microstructures and Devices (CAMD), LSU. Processed SEM photos in Figure 2.8 and
Figure 2.9 demonstrated a widening of etching features as a trim etch effect.
The etching contrasts between PS and PMMA are subject to the etching power imposed
and the partial pressure of the etching gas during RIE. For ~50 W etching power, a roughly 2:1
etching contrast between PS and PMMA can be expected.
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Figure 2.8 Trim etch effects on wet-etched perpendicular cylindrical PS-PMMA46.1k-21k BCP thin
film during O2 RIE, with etching time denoted on top of each image. Images are adopted from
original SEM results after processing from boundary detection and color threshold.
Vertical etching rate of BCP templates need to be studied especially for metal deposition
purposes mainly for two reasons. One is that as the regions intended for metal deposition have
nanoscale feature size and can be easily shielded by adjacent extruding structures during metal
deposition. For another, metal deposition can only be successful if the intended substrates are
cleanly exposure for metal deposition, any polymer residue over the region will prevent the
region from successful metal attachment. Therefore, knowing the trim etch effect to make sure
wide enough directional channel to overcome shielding effect surround the nanosized regions
and knowing the vertical etching rate to have accurate estimate so as to etching through the
polymer template in designate regions are required. Figure 2.10 showed vertical etching profiles
of BCPs templates. The vertical etching rates assessed from Figure 2.10 conform to general
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understanding that longer etching time produce larger etching depth and PMMA etches faster
and contribute to larger etching rate. Compare Figure 2.10 a) with b), a better linearity between
etching time and etching depth was observed using recipe with initial 10 s 20W soft etching. To
preserve a more constant etching rate throughout thin film etching process, the two-stage recipe
of 20 W forward power etch for 10 s followed by a desired duration of 50 W forward power etch
was recommended.

Figure 2.9 Trim etch effects on perpendicular lamellae-forming PS-PMMA38k-36.8k thin film
during O2 RIE, with etching time denoted on top of each image. Images are adopted from
original SEM results after processing from boundary detection and color threshold.

Figure 2.10 Etching profile of polymer thin films. a.) two stage etching of homopolymer
polystyrene with 20 W forward power for t seconds and 50 W forward power for t seconds; b.)
two stage etching of homopolymer polystyrene with 20 W forward power for 10 seconds and 50
W forward power for t seconds; c.) two stage etching of random copolymer (PSrPMMArPG4
with76% styrene) with 20 W forward power for t seconds and 50 W forward power for t seconds.
The film thickness was measured using Filmetrics F3-UV.
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Figure 2.11 a.)-e.) demonstrated the “etch-deposition-lift off” process for making
nanometallic structures from BCPs templates. PS-b-PMMA38k-36.8k, PS-b-P2VP40k-44k, and PS-bPMMA46.1k-21k as BCP templates were used in this study, and their corresponding metal
structures after gold deposition and lift-off were shown in Figure 2.11 f.)- h.).

Figure 2.11 Metallic nanostructure formed by “etching-deposition-lift off” process with the aid
of BCPs templates. a.) self-assembled BCPs thin film on substrate; b.) apply oxygen plasma to
take advantage of the natural etch contrast between the two block and etch out one domain with
the other domain being trimmed; c.) further oxygen plasma with controlled etch depth to break
through the neutral layer beneath the BCPs template and reveal the bare surface of the substrate;
d.) metal deposition on to the BCPs template; e.) sonication in hot toluene to strip polymeric
content and reveal the nanometallic structure after lift-off polymer residue. f.) PS-b-PMMA 38k36.8k non-etch, dry etch for 30s, followed by metal depostion of Ti 5 nm and Au 35 nm; g.) PS-bP2VP 40k-44k MeI-24hr dry etch for 20s, followed by metal depostion of Ti 5 nm and Au 35 nm;
h.) PS-b-PMMA 46.1k-21k non-etch, dry etch 30 s, followed by metal depostion of Ti 5 nm and Au
35 nm.
The BCP templates used in the “etching-deposition-lift off” process, consisted of PS
domain and another domain of less etching resistance. After O2 RIE domain of less etching
resistance would be etched out and the bared neutral layer beneath these domains could be
broken through to allow metal deposition. The locations of PS correspond to the void space
between the final metal structures. Figure 2.11 revealed that metal structures from “etchingdeposition-lift off” process might not faithfully replicate the patterns of BCP templates,
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especially in the regions of high tortuosity. Figure 2.11 f.) showed obvious non-uniform etching
rate both vertically and horizontally on lamellae-forming PS-PMMA38k-36.8k due to shelding
effects of adjacant lamellae; h.) showed a slightly more connected metal structures compared
with the metal structures formed from lamellae-forming PS-PMMA38k-36.8k template, this was due
to parallel cylinder morphology PS-b-PMMA 46.1k-21k template had less tendency to collapse or
sheld the substrate. g.) showed a larger metal coverage compared with the other two cases,
thanks to the majority domain P2VP etched faster and opened up the larger region for metal
depostion. Overall, metal structure generated from “etching-deposition-lift off” were not wellstructured in terms of pattern registration and conformality.
2.4.2 SIS assisted etch and deposition
Most all-organic BCPs templates can form patterns that interest a wide range of
application fields. However all-organic BCPs template erode quickly during most reactive ion
etching (RIE) and the lack of necessary etching contrast between the two organic blocks usually
fail to transfer the pattern onto substrate. PS-b-PMMA, for example, generally requires enhanced
etch selectivity through an additional process such as sequential infiltration synthesis (SIS) that
selectively infiltrate alumina content into the polar block with nucleation sites such as carbonyl
groups. Inorganic species such as silicon oxide, aluminum oxide is significantly more resistant to
organic polymers during most RIE process. For an ideal mask candidate, one domain of the
BCPs could be a silicon-containing block, such as polydimethylsiloxane (PDMS),
silsesquioxanes (POSS) to create silicon oxide dot or lines for higher etching resistance.
Admittedly, silicon-containing BCPs have natural etching contrast advantage, however the
difficulty in controlling their film formation, self-assembly and surface wetting behavior prompts
the continuation of all organic BCPs. Alternatively enhancing the etching contrast of self-
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assembled all organic BCPs templates by backfilling silicon containing materials or selectively
infiltrate one organic block with inorganic precursors would be advantageous. SIS were invented
to cater this requirement, it can dramatically increase the plasma etch contrast by converting one
block of all-organic BCPs templates into alumina for etching readiness, without the need for
intermediate hard mask layers. Figure 2.13 showed the BCP templates before and after SIS
treatment, substantial contract enhancement under SEM were observed in SIS treated thin films
compared with all-organic BCP thin film. It is reported that the etch resistance of PMMA can be
improved by a factor of 37 after SIS treatment.87 Controlled selective infiltration into one domain
of BCPs templates are important for another reason: feature size modification without the need
of changing BCPs template and self-assembly conditions. This offers a great convenience for
pattern modifications and manipulation minus the time-consuming process of developing new
BCPs or optimize neutral conditions and new annealing process. Also, this infiltration methods
allows the decoupling between intended feature size and total pitch, more morphology can be
generated that would otherwise been prohibited by volumetric ratio and phase diagram
registrations, as shown in Figure 2.12, by performing SIS cycle multiple times, the infiltrated
domain get volume expansion while the entire template keeping this nanostructure and total
pitch. This characteristic of tuning volumetric ratio without changing pitch registration and
morphology, is of the interest for magnetic storage industry to generate dense discrete dots since
achieving large feature size and small pitch would be impossible by employing plain BCPs
templates, due to the volumetric ratio constitute the intended feature would result in a lamellae
morphology instead of close packed sphere or hexagonally packed perpendicular cylinders.
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Figure 2.12 Domain size tuning of block copolymer template via infiltration dose control during
SIS process. a.) PS-PMMA 46.1k-21k trimethylaluminum/H2O infiltration for 5 cycle; b.) PS-bPMMA 46.1k-21k trimethylaluminum/H2O infiltration for 15 cycle; c.) PS-b-PMMA 38k-36.8k
trimethylaluminum/H2O infiltration for 5 cycles; d.) PS-b-PMMA 38k-36.8k
trimethylaluminum/H2O infiltration for 15 cycles. All images are taken after 60s O2 plasma
treatment.

Figure 2.13 Contrast enhancement in block copolymer thin film via SIS. Cylinder-forming PS-bPMMA46.1k-21k film on gold wafer a.) before SIS and b.) after SIS and 60s O2 plasma treatment.
Lamellae-forming PS-b-PMMA38.6k-36k film on gold wafer c.) before SIS and d.) after SIS and
60s O2 plasma treatment.
The SIS process was carried out with a GEMSTARTM benchtop atomic layer deposition
(ALD) system. Main reaction cycle was performed at 130 °C with controlled nitrogen flow rate
of 30 sccm. Each exposure of trimethylaluminum is followed by the exposure of H2O and a
purge step to evacuate excessive reagents. Each trimethylaluminum and H2O exposure was
performed in three repeating pulse and delay manner for 5s/15s, respectively. The
exposure/purge process was repeated 5~15 times to achieve desired dose of infiltration of
precursors into the PMMA domains of the block copolymer.
The SIS process enhanced the etching contrast between alumina-containing PMMA
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domain and the organic polystyrene domain. Utilizing SIS formed hard template instead of
organic soft template, offers advantage in making high aspect ratio structure without concerns of
template collapse.

Figure 2.14 Metal nanostructures achieved by SIS assisted BCP lithography. a.) self-assembled
BCPs thin film on substrate; b.) perform SIS to selectively infiltrate alumina precursors into the
polar domain of the BCPs template; c.) oxygen plasma to etch out organic content and form
inorganic alumina structures replicating the polar domain of BCPs template; d.) BCl3 plasma to
breakthrough a thin layer of alumina content on the surface of the substrate and bare the surface
for metal deposition; e.) sonication in phosphoric acid or base to strip alumina content and reveal
the nanometallic structure lift-off alumina residue; f.) SIS lamellae diblock PS-b-PMMA on Si
wafer, O2 RIE 40s, Ti/Au 5/45nm, H3PO4 10wt% sonication for 1 hr; g.) SIS on wafer, Ti/Au
5/25nm, 1M NaOH for 1 hour; h.) PS-b-P2VP 40k-44k SIS-7cycle, Ti/Au 5/25nm, 1M NaOH for 1
hour.
The SIS assisted BCP lithography process for making nanometallic structures from BCPs
templates was demonstrated in Figure 2.14. PS-b-PMMA38k-36.8k, PS-b-P2VP40k-44k, and PS-bPMMA46.1k-21k as BCP templates were used in this study, and their corresponding metal
structures after gold deposition and lift-off were shown in Figure 2.14. As can be seen from the
results, SIS method can faithfully replicate the BCPs patterns to form the hard mask, the
resultant inorganic domain eased the concerns on mask erosion. However, the inconvenient
aspect of the SIS assisted BCP lithography process was the mask removal, since alumina is
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highly inert and attached to the substrate surface and deposited materials, finding effective
etchant without deteriorate the substrates and deposited material would be helpful to improve the
pattern release.
2.4.3 Infiltration and reduction
Metal infiltration can be directly applied to BCP templates containing polar domains that
can complex with some metal ions in aqueous solutions, successfully infiltration of [AuCl4]- ,
[PdCl6]2- , and [PtCl6]2- into self-assembled PS-b-P2VP templates have been reported by several
papers. 88 89 90 91 However, it is the first time that metal ion infiltration after ionization of CVIR
techniques applied on BCP templates and demonstrated enhanced metal ion uptake.
Figure 2.15 described the metal anion infiltration scheme for making metallic
nanostructures from BCPs template. PS-b-P2VP 40k-44k, PS-b-P2VP 102k-97k, P2VP-b-PS-b-P2VP
8k-17k-8k

were demonstrated for this scheme with platinum nanostructure replicating the P2VP

domain in the self-assembled BCP templates.
Figure 2.16 for the first time showed how the ionic loading in methylated P2VP domains
affect the final metal ion uptake in P2VPbPSbP2VP8k-13k-8k templates. It can be clearly seen that
from d.), e.), f.) for [AuCl4]- infiltration, higher ionic loadings in methylated P2VP lead bigger
nanometallic wire diameters. Similar trend can be observed for [PtCl6]2- infiltration and [PdCl6]2infiltration. In image g.) with an ionization of CVIR for 4 hours the formed palladium metallic
nanostructures were thin and only one layer of metal structures can be observed, while in image
i.) not only palladium nanowire diameters were larger, their connectivity was stronger and a
beneath layer can be seen, indicating multiple metal structures were formed instead of just single
layer infiltration. Compare image j.) and l.) a clear diameter enhancement of platinum nanowire
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can be observed. All these evidences point to the effectiveness of CVIR promoting metal ion
infiltration into P2VP domains.

Figure 2.15 Metallic platinum nanostructure formed by [PtCl6]2- infiltration into BCPs templates
and O2 plasma reduction. a.) pyridine containing BCPs self-assembled thin film on substrate; b.)
CVIR ionized BCPs thin film; c.) submerging BCPs template in metal ion containing solutions
(10 nm H2[PtCl6] in 1 wt% HCl) for 3 hours. d.) apply oxygen reactive ion etching to etch away
polymeric content and reduce metal ions into pure metal.
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Figure 2.16 SEM images of metal ion infiltration study on BCP templates with different ionic
loading. P2VP-b-PS-b-P2VP12k-23k-12k without metal infiltration after a.) MeI-4 hr; b.) MeI-24 hr;
c.) MeI-67.5 hr. P2VP-b-PS-b-P2VP12k-23k-12k infiltrate in 10mM H2AuCl4 1wt% HCl metal ion
solution after d.) MeI-4 hr; e.) MeI-24 hr; f.) MeI-67.5 hr. P2VP-b-PS-b-P2VP12k-23k-12k infiltrate
in K2PdCl4 1wt% HCl metal ion solution after g.) MeI-4 hr; h.) MeI-8 hr; i.) MeI-67.5 hr. P2VPb-PS-b-P2VP12k-23k-12k infiltrate in H2PtCl6 1wt% HCl metal ion solution after j.) MeI-4 hr; k.)
MeI-8 hr; l.) MeI-24 hr.
Figure 2.17 showed the water contact angle results of metal infiltrated ionized P2VP-bPS-b-P2VP12k-23k-12k templates, from image a.) e.) i.) a reduction of water contact angle revealed
higher degree of ionization with increasing CVIR duration. Image b.) f.) and j.) showed a slight
reduction on water contact angle, which revealed from CVIR duration of 4 hours to 24 hours and
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to 67.5 hours, the uptakes of [AuCl4]- were increasing with higher degree of P2VP ionization but
the increase extent was only modest. These results were in agreement with the slight gold
nanowire diameter increase from Figure 2.16 and only one single layer of gold nanostructure was
observed even at highest ionization degree. Water contact angle in Figure 2.17 witnessed a
significant increment for [PdCl6]2- and [PdCl6]2- infiltration results, with higher ionization degree
strongly increase metal uptake, also matched the results shown in Figure 2.16.

Figure 2.17 water contact angle of ionized BCP thin film before and after infiltration with
different metal ions. a.) P2VPbPSbP2VP 12k-23k-12k thin film exposed with MeI for 4 hrs (denote
as P2VPbPSbP2VP 12k-23k-12k -MeI-4); b.) P2VPbPSbP2VP 12k-23k-12k -MeI-4 thin film infiltrated
with [AuCl4]- ; c.) P2VPbPSbP2VP 12k-23k-12k -MeI-4 thin film infiltrated with [PdCl6]2-; d.)
P2VPbPSbP2VP 12k-23k-12k -MeI-4 thin film infiltrated with [PtCl6]2-; e.) P2VPbPSbP2VP 12k-23k12k thin film exposed with MeI for 24 hrs (denote as P2VPbPSbP2VP 12k-23k-12k -MeI-24); f.)
P2VPbPSbP2VP 12k-23k-12k -MeI-24 thin film infiltrated with [AuCl4]- ; g.) P2VPbPSbP2VP 12k223k-12k -MeI-24 thin film infiltrated with [PdCl6] ; h.) P2VPbPSbP2VP 12k-23k-12k thin film
exposed with MeI for 8 hrs, infiltrated with [PtCl6]2-; i.) P2VPbPSbP2VP 12k-23k-12k thin film
exposed with MeI for 67.5 hrs (denote as P2VPbPSbP2VP 12k-23k-12k -MeI-67.5); j.)
P2VPbPSbP2VP 12k-23k-12k -MeI-67.5 thin film infiltrated with [AuCl4]- ; k.) P2VPbPSbP2VP 12k223k-12k -MeI-67.5 thin film infiltrated with [PdCl6] ; l.) P2VPbPSbP2VP 12k-23k-12k -MeI-24 thin
2film infiltrated with [PtCl6] .
Figure 2.18 recorded the XPS results of metal ion infiltrated BCP templates. The
characteristics of each metal infiltration profile confirmed the conclusions deducted from SEM
and water contact angle results. All three metal ions uptake were enhanced by higher ionization
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of P2VP domains in BCP templates, with [AuCl4]- being modestly influenced, and [PdCl6]2- and
[PtCl6]2- being significantly affected, corresponding to a stronger XPS signal in Figure 2.18.

Figure 2.18 XPS of metal infiltrated BCP thin films: a.) [AuCl4]- infiltration into BCP templates
with different ionic loading; b.) [PdCl6]2- infiltration into BCP templates with different ionic
loading; c.) [PtCl6]2- infiltration into BCP templates with different ionic loading.
The diameters of infiltrated metal nanowires can also be affected by how long the BCP
templates were in contact with metal ions. Before one BCP template get saturated from metal ion
uptake inside of the metal salt bath, longer infiltration time can lead to higher metal ion uptake
and larger metal nanowire diameters. The metal uptake difference caused by infiltration duration
will complicate the judgement on how ionization degree from CVIR process influence metal ion
uptake capability, therefore in all previous infiltration experiments, a long metal infiltration time
of 8 hours was used, and metal uptake reached equilibrium capability limited by ionization
induced difference.
Figure 2.19 showed the GI-SAXS results of infiltrated platinum metal nanostructures. All
three scattering patterns confirmed the existence of lamellae nanostructure. With b.)
P2VPbPSbP2VP 12k-23k-12k with CVIR for 8 hours showed stronger primary, secondary, and third
order scattering peaks, indicating better defined periodicity as a result of higher degree of metal
uptake compared with that of a.), where BCP registration was not as well replicated due to
limited metal ion uptake and thin pattern diameters with structural deform. The half dome
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observed in c.) indicated less orientated nanostructure typically seen in multiple layer BCP
nanostructures, with the scattering signal form the lower layers reduced the overall orientation
clarity. These results were in agreement with SEM, XPS and water contact angle data analysis.

Figure 2.19 GI-SAXS of infiltrated metal nanostructures from BCP templates: a.) Pt
nanostructure from P2VPbPSbP2VP12k-23k-12k MeI-4 hr; b.) Pt nanostructure from
P2VPbPSbP2VP 12k-23k-12k MeI-8 hr; c.) Pt nanostructure from P2VPbPSbP2VP 12k-23k-12k MeI-24
hr); All metal nanostructures were made from corresponding metal ion infiltrated BCP templates
after O2 plasma at 50W for 60 s.
With CVIR reaction to methylate the P2VPbPSbP2VP 12k-23k-12k before metal ion
infiltration, metal ion ([PtCl6]2-, [PdCl6]2- and [AuCl4]-) uptake capability can be enhanced and
metal nanostructure can be formed with higher degree of connectivity.
Effect of acid in metal infiltration was attributed as HCl protonates the ionized pyridine
units of the P2VP blocks, and thus decreases the degree of ionization and accordingly decrease
the charge density of the P2VP blocks. Metal ion during such step are condensed onto the P2VP
block and infiltrate into the block more effectively compared with the pure P2VP block without
ionization.
Further exploration can be made by varying proton concentration during the ionization
step of BCP templates, for instance using a weak acid as proton donator or adding base. As the
effective volume of P2VP chain increases with increasing HCl concentration. Using different
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concentrations of HCl or switch HCl to a weak acid or even base would change the degree of
ionization of the P2VP block and eventually degree of metal uptake via infiltration method.
2.5 Preliminary results of electrochemical performance
Electrocatalysts are core materials to enable clean and sustainable energy generation and
conversion in electrochemical fuel cells, low energy chemical production and electrochemical
electrolysis, etc. Metallic nanoalloys with synergy between the two metals are emerging as more
advantageous electrochemical catalysts than their monometallic counterparts. Variance brought
by different compositional dependent atomic arrangements and surface electron structures from
bimetallic nanoalloy further expanded their potential in electrochemical catalysis. However,
limited synthetic techniques for bimetallic nanoalloy with well-defined nanostructures have
greatly obstructed their applications in industrial catalysis. Controlled preparation of solutionbased bimetallic nanoalloy is complicated by the different thermodynamic and kinetic
characteristics of two individual metals. Self-assembled block copolymer thin film templates
with long-range ordered nanostructure composed of two chemically different blocks are
excellent template for fabricating bimetallic nanoalloys (Pt-M, M= Au, Cu, Ni, Co) with welldefined structures of interested sizes hold great potential in exploring their electrochemical
performance with respect to their unique structure-composition-stability properties.
The bimetallic nanoalloy were made through a one-step metal ion infiltration method:
P2VP-b-PS-b-P2VP 12k-23k-12k template was initially prepared on glassy carbon electrode,
subsequently immersed with a mixture of chloroplatinic acid and chloroauric acid for 3 hours,
followed by oxygen plasma reduction to form bimetallic nanowires, as shown in Figure 2.20.
Metallic nanoalloy made with well-defined nanostructure with the aid of BCPs templates were
expected to have wide applications in electrochemical alkaline fuel cells thanks to their high-
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surface ordered nanostructures and synergistic effect from the second metal element. Some
preliminary results were listed below.
Glassy carbon rod (5mm (0.2in) dia, 0.28g/cm) was purchased from Alfa Aesar, and
multiple glassy carbon disk were cut from the rod into the dimensions specified from Pine
website. The testing surface of each glassy carbon electrode was polished successively using
slurries of 1, 0.3, and 0.05 µm alumina in 18.2 MΩ deionized water on a polishing microcloth
(Buehler). The electrodes were sonicated in deionized water for 5 min between polishing steps.
Trace metal basis perchloric acid (65-71%) was purchased from OmniTrace Ultra (density 1.68
kg/L). To make fresh 1L 0.1 M perchloric acid solution, 8.8 mL of perchloric acid was diluted
into a 1000 mL flask and was used instantly. Potassium hydroxide was purchased from VWR
international, Inc. Hydrogen tetrachloroaurate (III) trihydrate and potassium chloroplatinate,
ACS 99.99% (metal basis), packed under argon was purchase from Alfa Aesar. Solutions of
10mM H[AuCl4] + 1wt% HCl and 10mM K2[PtCl6] + 1wt% HCl was freshly made and the
solutions were kept in the fridge at 4°C overnight before use, avoiding light.
Data measured in Figure 2.22 and Figure 2.23 were using a Pine instrument rotation disk
electrode (RDE) set up, with Hg/HgO in 1M KOH as the reference electrode. The calibration of
reference electrodes and conversion to RHE was performed in a standard three-electrode system
with polished Pt wires as the working electrode and Pt mesh as the counter electrode, and the
Hg/HgO electrode as the reference electrode. Electrolytes are pre-purged and saturated with high
purity H2. Linear scanning voltammetry (LSV) is then run at a scan rate of 0.5 mV s −1, and the
potential at which the current crossed zero is taken to be the thermodynamic potential for the
hydrogen electrode reactions, as shown in Figure 2.21 and equation (2.3).
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Figure 2.20 SEM images of BCP self-assembly on glassy carbon substrates. a.) pristine P2VP-bPS-b-P2VP 12k-23k-12k BCP thin film on glassy carbon; b.) P2VPbPSbP2VP12k-23k-12k BCP thin
film ionized through Menshutkin reaction for 4hr, metal ion infiltration was performed by
immersing glassy carbon substrate in a bi-metallic solutions mixture with [PtCl6]2-:[AuCl4]-=5:1
for 3hr, sample was processed under O2 RIE for 42 s to get the reduced metal nanostructures.
E (RHE) = E (Hg/HgO) + 0.87 V

(2.3)

Figure 2.21 calibration of Hg/HgO electrode with regards to reversible hydrogen electrode
(RHE).
Preliminary results of RDE measurements of oxygen reduction reaction (ORR) of asprepared Pt-Au bimetallic nanowires as ORR catalysts was shown in Figure 2.22. These results
indicated the ORR activities were not high, as the current density was low and without reaching
a steady-state diffusion limited current density at large overpotential. Possible reasons for this
low ORR activity was explained below.
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Figure 2.22 RDE performance of Au-Pt bimetallic nanowires on glassy carbon disk in 1 M KOH
electrolyte solution under saturated oxygen, at different rotation speed of 800 rpm, 1200 rpm,
1600 rpm and 2000 rpm.

Figure 2.23 Impedance spectra of Au-Pt bimetallic nanowires at various bias voltage, in 1 M
KOH electrolyte solution under saturated oxygen.
Figure 2.24 showed the mechanical integrity of metallic nanowire on silicon wafer
derived by metal ion infiltration methods from BCPs templates. Noted that after sonication for 5
mins, platinum nanowires still held the lamellae forming nanostructures while gold nanowires
were almost completely removed from the silicon substrate. These results revealed potential
nanowire attachment concerns when utilization BCPs template derived metallic nanowires as
electrocatalyst on glassy carbon disk electrode, especially under rotating disk electrode
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measurements, the shear flow along the disk surface might pose as strong enough forces to
remove electrocatalyst from electrode surface. The better structure integrity of platinum
nanowire compared with gold nanowire were attributed to two factors: i.) higher rigidity of
platinum vs. greater softness of gold make a difference to hold structure under impact; ii.) thicker
platinum nanostructure composed of multiple layers as evident by GI-SAXS and SEM results in
the chapter vs. single layer of gold nanostructure that lack a matrix-like network support for
better robustness.

Figure 2.24 Pt metallic nanowires on silicon wafer before a.) and after b.) sonication for 5 mins;
Au metallic nanowires on silicon wafer before c.) and after d.) sonication for 5 mins.
Figure 2.25 showed the comparison of Pt-Au bimetallic nanowires before and after
electrochemical cycling of RDE measurements. A clear morphology degradation is observed as
no clear lamellae morphology can be seen after the electrochemical testing. This result brought
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concerns on the electrochemical stability of the as-prepared bimetallic nanowires as ORR
electrochemical catalyst. Structural characterization of samples was carried out with field
emission scanning electron microscope (FEI Quanta 3D FIB). No ionomer or binder material
was added onto the metallic nanowire surfaces, this might contribute to the morphology
degradation of the metallic nanowire. More study on the effects of adding ionomers onto
nanowire surfaces need to be conducted.

Figure 2.25 SEM image of Pt-Au metallic nanowires on glassy carbon before a.) and after b.)
electrochemical cycling.
Put aside the stability concerns, bimetallic nanomaterials can be made by either infiltrate
BCP template with two metal precursors or co-sputtering two metal sources during deposition.
By incorporation of a less stable metal component in the bimetallic nanomaterials, a later metal
leaching or ripening can be employed for porosity generation. Typically, nickel is used as a
sacrificial component in co-sputtering strategy, and later be removed by acid leaching or
nanoscale Kirkendall effect (NKE) during application. The increased porosity can substantially
increase the surface area of the targeted metallic nanostructures without sacrificing its overall
morphology.
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For further evolution of the state-of-the-art Pt-based heterogeneous and alloy
nanostructures, synthesis of nanocatalysts with both high activity and excellent durability is
highly desirable and technologically important. One-dimensional (1-D) metal nanostructures
have attracted particular attention due to their excellent electrocatalytic performance. In general,
the structural anisotropy of 1-D metallic nanowires offers high conductivity due to the path
directing effects, and are less vulnerable to dissolution and aggregation than nanoparticles during
the electrocatalytic process. 92 Platinum nanowires with high surface area can be promising
catalyst with excellent catalytic activity, stability and tolerance to CO, methanol. Although this
initial work have not achieved high performance and good durability, the low-cost, simple and
readily scalable approach provides a route to synthesize electrocatalysts directly from BCPs
templates, which with further development may find broad applications in the fields of fuel cells,
electrolyzors, sensors, etc.
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CHAPTER 3. BLOCK COPOLYMER TEMPLATES ON FUNCTIONAL SUBSTRATES
3.1 BCP self-assembly on reduced graphene oxide (rGO)
Graphene is an appealing material for high-speed electronics 93, photodetectors 94,
flexible electronic material 95 96, high performance anode materials for lithium storage 97, highpower supercapacitors 98, etc. Porous graphene materials with ordered nanostructures are highly
demanded with potential applications for advanced electrochemical energy storage and
conversion 99 100, selective molecular sieving 101, gas separation 102 103, chemical sensor 104,
hydrogen storage 105, high-performance alternative to precious metal catalysts 106, etc.
Pristine graphene enjoys outstanding electrical and thermal conductivity with some
strikingly attractive properties such as one atom thick structure, room-temperature carrier
mobility of 2.5×105 cm2·V-1·s-1 107, a Young’s modulus of 1 TPa and intrinsic strength of 130
GPa 108, impermeability to any gases 109, etc. Ultrahigh performance electronics and transistor
logic circuits favor exceptional high carrier mobility, high conductivity of pristine graphene,
however the lack of bandgap limits its application. In order to open a band gap, graphene must
be nanoconfined with a sub-20 nm to critical dimension. This patterning scale is beyond the
resolution possible by photolithography limited by diffraction limit. And electron-beam
lithography suffers from low throughput and possible limitation of electron scattering limit. In
the meanwhile, BCP nanostructured templates can be the facilely scalable solution for patterning
large-area substrates with sub-20 nm features while demonstrating the high-fidelity for
exceptionally small features <10 nm.
Being a supreme material, graphene with added capability of precise patterning at sub-20
nm enabled by BCP lithography could be applicable in many existing applications. In this work,
graphene oxide solution was uniformly deposited onto wafer substrates and thermally reduced to
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rGO film, BCP self-assembly were successfully demonstrated onto rGO surface. Figure 3.1
showed the rGO film preparation process. Figure 3.2 gave the self-assembled BCP patterns on
top of rGO film.

Figure 3.1 Schematic of depositing graphene oxide film onto wafer substrate via nitrogen
assisted spin coating.
Large area oligo-layered graphene oxide flake solution of concentration 5mg/mL was
purchased from NewMaterTM. To get the suitable surface tension for forming conformal graphene
flake layer onto substrate, a mixture containing graphene oxide, methanol and water with a
weight ratio of graphene oxide:methanol:water=1:1740:100 was used for spincoat. Spin coat
process was performed on Laurell Model WS-650MZ-23NPPB spincoater, at 3000 rpm for 45s
at ambient environment. Upon the inception of spinning the substrate, ~1 psi of nitrogen flow
was applied to the surface of the substrate from near normal incidence, too strong nitrogen flow
will risk blowing away graphene solution and interrupt spin coating process. Thermal reduction
of graphene oxide thin film was conducted at 300℃ in nitrogen filled chamber for 3 hours.
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Figure 3.2 SEM images of rGO film on water surface before and after BCP self-assembly. a.)
rGO film on wafer surface, insert is the cross-sectional view; b.) BCP self-assembly on rGO
surface, top insert is a magnified surface view of the BCP template after wet etch.
Graphene oxide, a sheet-like material decorated with oxygen-rich functional groups, can
be partially reduced to tune the surface energy of the substrate for directing block copolymer
assembly. In this work, modified crosslinkable random copolymer mat with 82 wt% styrene was
used regardless of the reducing degree of the rGO, and demonstrated the effective neutralization
treatment on top of rGO film. After achieving BCP self-assembly on rGO surface, the BCP
templates can be further relocate onto different surfaces thanks to graphene being a chemically
stable and mechanically robust transferable intermediate. 43
3.2 BCP self-assembly on glassy carbon disk
Glassy carbon being an electrically conductive inert material, is widely used in
electrochemical studies, especially in the context of rotating disk electrode (RDE). BCP
templates offers unprecedented opportunity for exploring fundamental properties in
electrochemical fields such as nanoconfined electrolyte 96, electrochemical catalysts 110, etc.
Glassy carbon rod (5mm (0.2in) dia, 0.28g/cm3) was purchased from Alfa Aesar, and multiple
glassy carbon disk were cut from the rod and have one surface polished for BCP self-assembly.
Polishing alumina powder were purchased from Allied High Tech Products Inc. Polishing
microcloth was purchased form Buehler. The testing surface of each glassy carbon electrode was
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polished successively using slurries of 1, 0.3, and 0.05 µm alumina in 18.2 MΩ deionized water
on a polishing microcloth (Buehler). The electrodes were sonicated in deionized water for 5 min
between polishing steps. The polishing step was crucial for achieving high quality BCP selfassembly, as seen in Figure 3.3 a roughed region on a not-fully-polished glassy carbon surface
will not be able to form uniform thin film and ordered nanostructures. b.) and c.) were PS-bPMMA 38k-36.8k self-assembly on full polished glassy carbon surface, the morphology showed no
difference as that on silicon wafer. For better SEM contrast, SIS was performed on the substrates
for 15 cycles with the PMMA domain infiltrated with trimethylaluminum/H2O, and greatly
enhanced the contrast inside of the BCP template. These results proved that with a fully polished
glassy carbon surface, techniques traditionally employed for silicon substrates can be
transferable to glassy carbon surface, minus chemical nature difference, such as silicon is oxygen
plasma resistive whereas carbon is base resistive. BCP templates on glassy carbon substrates
open up several applications that require the substrate to be electrically conductive or alkaline
stable, an example in point can be the electrocatalytic investigation of metallic nanowires
performed in Chapter 2.

Figure 3.3 Influence of surface roughness of glassy carbon substrate for BCP self-assembly.
PSbPMMA 38k-36.8k self-assembly on a.) grassy carbon surface with not-fully-polished region, b.)
fully polished glassy carbon surface, and c.) PSbPMMA 38k-36.8k self-assembly on glassy carbon
substrate after SIS for 15 cycles.
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3.3 BCP self-assembly on ion-exchange membranes (IEMs)
The self-assembly of block copolymer has been demonstrated on multiple rigid substrates
as well as flexible substrates, such as silicon wafer, metals (Ge, Au, Pt, etc), sapphire,
polyethyleneimine, Teflon, etc. However, knowledge is still lacked for BCP templated to be
applied on IEMs.
IEMs are central component for a spectrum of electrochemical applications, and is an
emerging field that add additional functionality on polymeric materials that can be employed in a
multitude of low-temperature electrochemical systems such as fuel cells, batteries, desalination
units, electrolyzers, low energy chemical synthesis, etc. Besides working as a separator, IEMs
can also provide support for catalyst, construct interface for redox reactions and form permeation
barrier that offers ion permselectivity. Nafion® membrane is the most robust and highperformance commercially available proton conductive membranes, and perfluorinated anion
exchange membrane being its counterpart.
Patterning IEMs to engineer the reaction interface hold promising prospect to further
enhance efficiency and lower energy footprint. Numerous patterning techniques are available for
rigid materials, however, patterning techniques for soft material, such as IEMs, are quite limited.
Typically, a mold is involved to transfer pattern onto membrane either through dropcasting,
imprint or hot-embossing. Direct patterning soft matter is challenging, due to their stress
accumulation and morphology changes with regards to varied solvent contents, temperatures,
UV exposure times or pH, conditions frequently experienced during conventional lithography
processes. Two direct patterning strategies are developed in this work, namely, photoresist
pattern imprint and block copolymer self-assembly.
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Compared with non-ionic polymeric materials, the ionic domains inside IEMs make such
materials highly responsive to polar solvents and vapors. Therefore, IEMs are highly sensitive to
moisture and temperature conditions that can potentially alter the water contents inside of the
membrane. Alongside with water content change inside of the membrane, membrane
morphology induced by swelling or drying can be dramatic. For instance, the dimensions of
Nafion® membranes can be doubled after immersed into isopropanol compared with dry states,
and can shrink to a half after baking on hotplate at 160°C for 12 hr. Such dimension changes of
IEMs make patterning on membrane surface even more difficult.
Chemicals used in this work included: S1808 shipley positive photoresist from
Microchem was supplied by CAMD cleanroom. MF-319 developer and SU-8 2025 photoresist
were purchased from MicroChem InC. SU-8 series photoresist is bisphenol A novolac expoxy
based negative photoresist that generating pattern by acid-catalyzed crosslink upon exposure
under UV light. Quintel UV exposure station at CAMD was used for exposure process during
photolithography. To form a film of SU-8 with thickness below 10 microns, cyclopentanone was
used to dilute SU-8 2025 to desired solid ratios (55%). Spread diluted SU-8 solution at 450 rpm
and spin coat at 2000 rpm for 45s to achieve a ~10 microns thickness film. Soft bake the resist
film at 95 °C for 3 min to remove excessive solvent and result in a dry and non-stick surface.
After soft bake cool substrate down in closed heat-insulating cabinet for 30 min. Exposure the
film at UV power of 5 W/cm2 for 45 s under contact with a photomask with chrome patterns of 4
microns hole arrays in hexagonal packing. By exposure to UV light, acids are generated in the
SU-8 photoresist, the quantity of the generated acid is very small and stays near the area of
exposure. To prevent the small amount of acid being neutralized by environmental alkaline
species, a post exposure back (PEB) is applied immediately after the UV irradiation at 65°C for
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1 min followed by at 95°C for 1 min. The delay of the baking might cause various problems
including sensitivity variation, pattern edge drifting, evolving a slow hardening layer at the top of
the resist surface where exposure intensity is maximum. After the PEB the substrates were
allowed to slowly cool down in closed heat-insulating cabinet for 5 min. Film development was
carried out in SU-8 Developer for 5 min with hand shaking agitation, quenched in IPA, dried
with N2. To enhance the mechanical strength of the SU-8 structures developed onto the wafer
surface, a further thermal treatment at 95°C for 10 min was used to harden the remaining resist
and enhance attachment.
SU-8 silicon master made through the above process consist of 4 microns cylindrical
pillar arrays in hexagonal packing replicating the photomask, due to the densely packed pillar
arrays, the specific surface area of the silicon wafer was greatly enlarged, making it a better
candidate for IEMs patterning or attachments.
Hot press of the sandwiched silicon master and IEMs in between two pieces of rubber
sheets and steel plates were performed on a Carver Hydraulic Press Model M at 135°C for 40
min. The temperature was chosen to be high enough to above the Tg of the IEMs to allow the
polymer melt and reshape within the silicon master mold, and yet not too high to decompose the
IEMs materials. Given the delicacy of IEMs, a relatively low temperature was used to minimize
thermal degradation.
After hot press, the IEMs were completely attached to the silicon master firmly, even in
the presence of water, toluene, sonication, and further thermal treatment at 135°C. Such reliable
attachment of IEMs onto silicon wafer surface was never achieved before for patterning IEMs
with BCP templates. By firmly attaching IEMs onto silicon wafer via micro-patterned interface,
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concerns of delamination, stress accumulation, surface curling could be eliminated, and this
allowed the IEMs to go through all the steps in BCP self-assembly on soft substrates.
A nondestructive method was used to peel of the IEMs from silicon master- boiling the
substrates in DI water for 3 days. This method allowed the bubbles generated at phase boundary
gradually tear off the membrane from the silicon master. Due to water being a non-solvent for
IEMs and BCPs, this method will not alter membrane morphology or BCPs films.
Figure 3.4 showed the microscope image of SU-8 silicon master after hot pressing and
patterned Nafion® membranes after peeling from the SU-8 silicon master. The pattern from
silicon master was faithfully reversed onto IEMs with pit arrays in hexagonal packing.

Figure 3.4 Microscope image of a.) SU-8 silicon master, and b.) Nafion® 211 membrane after hot
pressing with SU-8 silicon master and peeled off. Image captured from Leica optical microscope.
Besides micropattern the IEMs surface, the role of silicon master was more importantly
offering IEMs a safely attached substrates to undergo various steps for BCP self-assembly
without any delamination. Other attempts to achieve the same goal such as using double sided
tap or glue to attach IEMs onto a flat surface were likely to fail, since the harsh organic solvent
rinse, sonication, thermal annealing steps could easily weaken the adhesive and untie the IEMs.
While the micropattern silicon master with enormous surface area and in firm contact with IEMs
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after hot pressing, was mechanically strong enough to endure various organic solvent and
sonicating, also by taking advantage of phase boundary in boiling water, the IEMs can be later
released from the silicon master neatly.
With surface flatness problem being solved, the next challenge would be the construction
of the neutral layer. One would naturally employ crosslinkable random copolymer mat material
for this task as in the case of neutralize silicon surface for BCP self-assembly. However, this
strategy could not go well as by itself, as shown in Figure 3.7 a) likely due to interphase mixing
between IEM and brush materials. A dense, smooth, and robust insulation layer was needed to
prevent mass exchange between IEM and further added polymeric materials.
The in situ polymerization of dopamine molecules can form conformal film with strong
underwater adhesion between polydopamine (PDA) nanomembranes and the target substrates.111
Also, PDA nanomembranes hold strong reactivity for secondary functionalization, such as for
the immobilization of end-functionalized random copolymer brushes. These properties made
PDA a strong candidate for constructing the insulation layer. The formation of dense, thin and
smooth PDA film can be controlled by polymerization procedure according to literature.112
Briefly, substrates were immersed in the aqueous polymerization reaction system, PDA
conformal film was spontaneously formed by pH-induced oxidative polymerization of dopamine
hydrochloride in TRIS-HCl buffer solutions (pH > 7.5). PDA-coated substrates were sonicated
vertically in base solution to remove surface attached particles, reducing surface roughness to
lower than 2nm. The function of sonication was to reduce surface roughness for BCP thin film
uniform deposition, also smoother surface texture was conductive for polymer brush and BCP
thin film attachment during sonication, toluene rinse, and annealing steps.111 Compared the
different of BCP self-assembly results on top of Nafion® membrane with and without PDA
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coating in Figure 3.7, it was clear that PDA layer worked as a condensed layer to preclude
intermixing of the IEMs polymer chains with any brush or BCPs during annealing.
Given that surface adhesion reduction being intensified in hydrated conditions, lowering
surface roughness of PDA coating was the key for successful BCP self-assembly. Considerations
for lowering PDA coating surface roughness include controlling temperature and oxidant
concentration. Elevated temperatures can accelerate the deposition of PDA on substrates,
creating a rougher and more hydrophilic PDA layer by comparison to coatings formed at lower
temperature.113 PDA coating thickness depend on dopamine concentration during reaction with
general linear relationship before reaching a plateau value beyond certain concentration under
given conditions.114 115 The oxidant concentration in the solution also affect dopamine film
formation as the polyermization is a self-oxidanting reaction. PDA deposition cannot proceed in
the absence of oxygen while higher oxygen concentration in the dopamine solution led to
elevated deposition rate with smoother surface. 116 Therefore using ice bath or oxygen saturated
reaction solution could be further tested.
The successful deposition of PDA can be verified by the water contact angle
measurements. Figure 3.5 showed the water contact angle data on Nafion® IEMs surface before
and after PDA coating and before and after end-functionalized random polymer brush grafting. It
should be noted that when pristine Nafion® IEMs was used for water contact angle
measurements, after a few seconds the water droplet will be absorbed by the IEMs, and the
surface of the IEMs will form winkles due to regional hydration. While in the case of PDA
coated Nafion® IEMs, water droplet can steadily stay on top of the surface until naturally
evaporated, demonstrating the effectiveness of PDA as an isolation layer to minimize IEMs
interaction with BCPs film. The water contact angle results of PDA grafted with end-functional
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random brushes showed similar trend with that on the wafer with regards to different styrene
ratios in the brushes, proving the successful graft of end-functional random brushes.

Figure 3.5 water contact angle measurements of PDA coated Nafion® membranes grafted with
HO-(PSrPMMA) random copolymer brushes of different styrene ratios. a.) pristine Nafion®
membrane; b.) PDA coated Nafion® membranes grafted with brush 2; c.) PDA coated Nafion®
membranes grafted with brush 3; d.) PDA coated Nafion® membranes grafted with brush 4; e.)
PDA coated Nafion® membranes grafted with brush 5; f.) PDA coated Nafion® membrane ; g.)
PDA coated Nafion® membranes grafted with brush 6; h.) PDA coated Nafion® membranes
grafted with brush 7; i.) PDA coated Nafion® membranes grafted with brush 8; j.) PDA coated
Nafion® membranes grafted with brush 9.
A 1wt% of solution of hydroxyl-terminated polystyrene brush in cyclopentanone was
prepared. This solution was spin-coated onto PDA-coated substrates at 3000 rpm for 45s, and the
resulting films were annealed in vacuum at 135 °C for 12 h to graft the neutral layer to the
underlaying PDA coating. The annealed films were then thoroughly washed in toluene for three
times to completely remove unbound polymer brushes. Subsequently, 1 wt% of P2VP-PSP2VP12k-23k-12k toluene solution was spin-coated on the sample surface. The PDA coated Nafion®
211 membrane did not detach, winkle or crack during the PDA coating or spin-coating process
thanks for the micropatterned interface bonded with silicon master. Solvent annealing was
adopted for inducing block copolymer self-assembly, given that IEMs substrates are fragile
under higher temperature than 135 °C. Detailed annealing conditions were reported in Chapter 1.
After solvent annealing, CVIR reaction was performed to foster metal ion infiltration into
(P2VP-b-PS-b-P2VP/n-methylpyridinium) iodide (P2VPbPSbP2VP/NMP+ I -) structures. After
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reduction under oxygen plasma, the closely attached platinum nanowires on membrane surface
combined electrolytes and electrocatalysts in close vicinity.
Figure 3.6 contrast the same procedure applied onto polyester non-ionic film a.) b.) and
IEMs c.) d.), results showed that polyester film barely deform during the process and visible
BCP self-assembled pattern can be seen on the film surface after thermally annealed at 200 °C
for 10 mins. Whereas IEMs clearly showed decomposition under such high temperature, and
BCP morphology was non-exist or being drawn by the swollen membrane surface. These results
urged the adoption for a lower temperature treatment for IEMs or use solvent vapor annealing if
possible to avoid using high temperatures.

Figure 3.6 AFM image of PSbPMMA38k-36.8k thin film on PDA coated soft substrates after
thermal annealing at 200 °C for 10 min. Self-assembly on 0.92 mil polyester film with a.) 5 µm
×5 µm scanning area and b.) 2 µm ×2 µm scanning area ; c.) self-assembly on perfluorinated
anion exchange membranes; d.) self-assembly on Nafion®.
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Figure 3.7 a.) showed a SEM image of non-PDA coated Nafion® membrane attempted
for BCP self-assembly. A crosslinkable random copolymer mat was used for neutralizing the
IEMs surface, and PS-b-PMMA38.6k-36k self-assembly was conducted by thermally anneal at
160°C for 2 hours. Due to the thickness of the electrical insulating IEMs, imaging the BCPs
features on top was very difficult, therefore SIS of 15 cycles was performed to assist in the
imaging contrast. Surprisingly, the normal self-assembly pattern of PSbPMMA38.6k-36k was
deviated, the shown pattern exhibited a wired feature shape and connectivity. This result
suggested that crosslinkable mat covered Nafion® membrane surface might not be a true neutral
surface, or during thermal annealing, the interaction between IEMs and BCPs distract regular
BCP phase separations. Figure 3.7 b.) was a good demonstration of BCPs templates on Nafion®
membrane, with proper insolating PDA coating, modest temperature treatment, and adoption of
solvent vapor annealing instead of thermal annealing, all these factors contributed to the wellformed self-assembly pattern.
Block copolymer templates has been for the first time demonstrated to achieve
successfully self-assembly in thin film format on the surface of IEMs. This will have profound
impact as ion-exchange membrane is a functional material crucial for numerous applications,
compared with silicon or Teflon, achieving self-assembly on functional materials are far more
challenging, as these materials might have sensitive response to humidity, pH, ion concentration,
etc.

79

Figure 3.7 SEM and AFM images of BCP self-assembly on Nafion® membrane. a.)
PSbPMMA38.6k-36k self-assembly on crosslinkable mat covered IEMs via thermal annealing at
160 °C for 2 hr, after 10 cycle SIS; b.) PDA coated IEMs for P2VPbPSbP2VP12k-23k-12k selfassembly via solvent vapor annealing
Nafion® NR211 membrane was primarily tested for BCP self-assembly on IEMs thanks
to its chemically resistance and durability. Nafion® NR211 membranes are based on chemically
stabilized perfluorosulfonic acid (PFSA)/ polytetrafluoroethylene (PTFE) copolymer in the acid
form. The Nafion® membrane is highly hydrophobic and non-stick, the successfully attachment
of BCPs templates with well-formed periodicity is firstly achieved in this work.
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CHAPTER 4. CONCLUSION AND FUTURE WORK
Achieving high-quality self-assembly can be highly challenging with reduced numbers of
repeating units in block copolymers. To advance the patterning resolution at sub-10 nm full pitch
scale, where current techniques are mostly incompetent, requires the development of block
copolymer systems that can self-assemble into sub-10 nm natural periods. Related principles,
annealing techniques and block copolymer chemistries were reviewed for the topic and the role
of PDI was highlighted and discussed in the first chapter.
Three schemes of metallic nanostructure formation based on block copolymer templates
were devised and compared in this work, namely “etching-deposition-lift off” process, SIS
assisted etch and deposition process, and infiltration and reduction process. The “etchingdeposition-lift off” process utilized standard metal deposition tools for making metal
microstructures, yet for nanometer scale features this method experienced difficulties in faithful
pattern formation in high density and high tortuosity regions, where mask collapse and erosion
were frequently encountered. The SIS assisted etch and deposition method demanded specialty
equipment to perform inorganic precursor infiltration and etching, the presence of inorganic
mask free the concerns of mask collapse and erosion during reactive ion etching. Possible
concerns for SIS assisted etch and deposition method included undesirable line edge roughness,
and difficulties in clean removal of the inorganic mask. Infiltration and reduction of aqueous
metal ion in block copolymer templates were typically time-consuming and cannot form wellconnected metallic nanostructure because of limited metal loading during infiltration step. For
the first time, the enhanced infiltration and reduction method for block copolymer templates was
developed based on the CVIR, the relationships between metal ion loading and CVIR ionization
degree were explored in Chapter 2, demonstrating effective enhancement of metal loadings of
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[AuCl4]-, [PdCl6]2- and [PdCl6]2- by increasing block copolymer template CVIR ionization
degree. Not restricted to CVIR process, selective ionization of self-assembled BCPs thin films
introduced ionic carriers into one domain without altering overall nanostructures of BCPs
templates. The electrostatic interactions, ion mobility and chemical contrast introduced by
selective ionization, held great potential for exploration in ionic behavior with nanoconfinement,
phase behavior with ionic charges, and nanoreactors, etc.
Versatile block copolymer templates demonstrated its capability of forming ordered
nanopatterns on top of soft, conductive, and ion selective substrates in Chapter 3, offering
intriguing possibilities for upgrading functional materials. Especially, the introduction of block
copolymer self-assembled thin film on top of free-standing Nafion® NR212 ion-exchange
membrane was firstly achieved in this work. Block copolymer lithography on graphene, glassy
carbon and soft matter such as IEMs hold unlimited potential to realize unprecedented level of
functional material integration with nanoscale structural controls. Some envision of benefits can
be made in the following fields: i.) structural-properties relationship between catalyst and
electrolyte interface (As shown in Figure 4.1 and Figure 4.2); ii.) ultrasensitive artificial skin that
transit various stimuli from external environment; iii.) biomedical prostheses, wearable health
monitoring devices; and iv.) stretchable resistive memory 117, flexible electronics, etc.
The closed contact between catalyst and electrolyte shown in Figure 4.1 and 4.2 could
potentially be of interest for high performance electrochemical interface study. Since the use of
IEMs is closely related to the transfer of ions, pH unbalance between two cell compartments and
system stability,118 nanopatterning membranes and engineering the electrolyte/catalyst interface
may be able to boost performance in electrochemical devices.
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Figure 4.1 Depositing metal nanocatalysts with ordered dimensions and spacing with the aid of
BCP templates directly on IEMs.

Figure 4.2 Forming metallic nanomesh onto IEMs for zero-gap contact between catalyst and
electrolytes.
In summary, the recent remarkable progress in block copolymer pattern generation at
extreme sub-10 nm full pitch scale was reviewed and showcased a promising future for
advancing the front of technological and scientific endeavors with the capability enabled by
block copolymer self-assembly and directed self-assembly. The experimental works
demonstrated the wide adaptability of block copolymer templates on various substrates including
silicon, gold, reduced graphene oxide, glassy carbon disk, polyester film, and Nafion® NR212
membrane. Three processes of forming metallic nanostructures from BCPs templates were
devised and demonstrated, one strategy for controlling metal loading during aqueous ion
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infiltration was firstly studied. As shown in Figure 4.3, BCPs templates are truly versatile
patterning scheme for functional nanomaterials with capability of domain inversion into metals,
inorganic materials, and being patterning templates for wide ranges of substrates.

Figure 4.3 Summary for BCP thin film as versatile periodic patterning scheme for functional
nanomaterials.
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